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Abstract 
The proteobacterium Shewanella oneidensis MR-i has attracted considerable interest 
due to its potential applications in bioremediation and (Nealson et al., 1994, Tiedje, 
2002). 
S. oneidensis MR-i respires with an unusually wide range of electron acceptors 
including fumarate, nitrate, nitrite, TMAO, DMSO, sulfite, thiosulfate and 
polyfiulfide (Nealson et al., 1994, Myers et al., 1988). Unusually it is also capable of 
coupling the reduction of metal oxides to the oxidation of organic carbon (Myers et 
al., 1990). 
The genome sequence of Shewanella oneidensis MR- 1 has allowed the identification 
of 39 reading frames encoding c-type cytochromes (www.tigr.org ) (Heidelberg etal., 
2002). Several of these have been readily identified as homologues of well 
characterised c-type cytochromes from other species, such as cytochrome c 1 , a 
pentaheme nitrite reductase (NrfA), an oxidase of the cytochrome cbb3 family and 
CymA, a member of the NapC/NirT family. CymA possesses the common structural 
features of the NapC/NirT family which are an N-terminal transmembrane a-helical 
anchor and a globular periplasmic domain containing four covalently bound hemes. 
To facilitate biochemical characterisation and interaction studies with the soluble 
fumarate reductase a soluble form of CymA, CymA 0i , was designed using a PCR 
approach. We replaced the hydrophobic N-terminus of CymA with the signal 
sequence of the periplasmic fumarate reductase (Fcc 3 ) plus the first three amino acids 
(ADN) of mature Fcc 3 to ensure cleavage of the signal sequence. Potentiometric 
titrations of purified CymA 0j and native CymA showed similar potentials ranging 
between -150 and -320 mV. 
The soluble fumarate reductase of S. oneidensis MR-i possesses a kcat Of 
2930 ± 64 s 1 at the pH optimum of 8.5, whereas the well characterised 
S. frigidimarina NCIMB400 enzyme has a kcat of 658 ± 34 s_ I at the pH optimum of 
6.0. Interaction studies between CymA 0i and the soluble fumarate reductase from 
S. oneidensis MR-i showed an observed second order rate constant of 19 jiM's' 
which demonstrates the high efficiency of electron transfer between these partners in 
vitro. 
V 
CymA was previously shown to be required for respiration with fumarate, nitrate and 
Fe(III), but not TMAO (Myers et al., 1997a). Complementation studies of a LcymA 
defective strain showed that CymA 0, can compensate these respiratory defects. 
These phenotypic studies also revealed CymA as an essential protein in the electron 
transfer pathway to DMSO and nitrite. 
CyrnA is therefore a key component in the branched respiratory pathways of 
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Kinetic and thermodynamic parameters: 
Km 	Michaelis constant 
'cat 	rate constant under saturating conditions 
kobs observed rate constant 
Em' 	Reduction potential under standard conditions 
Standard units: 
A 	Angstrom (10 0  m) 
A 	Ampere 








ppm parts per million 
Textual abbreviations: 
ADP adenosine diphosphate 
Amp ampicillin 
Arc aerobic regulation control 
ATP adenosine triphosphate 
CAPS 3-cyclohexyl- I -propane-sulfonic acid 
Ccm cytochrome c maturation 
CHES 2-(N-cyclohexylamino)- 1 -propanesulfonic acid 
CymA501 soluble form of CyniA 
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EDTA ethylenediaminetetraaccetic acid 
Etr electron transport regulator 
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PCR polymerase chain reaction 
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Q ubiquinone 
QFR quinol:fumarate reductase 
Rif rifampicin 
RR response regulator 
SDS sodium dodecyl sulfate 
SHE standard hydrogen electrode 
Sm. streptomycin 
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SQR succinate:quinone reductase 
TCA tricarboxylic acid cycle 
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TMAO trimethylamine N-oxide 
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Chapter one: Introduction 
1 .1 Respiration: a linear process or a multidimensional jigsaw? 
Respiration is a key life process since it fuels many metabolic and catabolic reactions 
by generating a chemical energy source in the form of ATP. Electro-negative donors 
feed electrons into a respiratory chain leading to the reduction of electro-positive 
acceptors by terminal reductases. Respiratory chains consist of protein components 
with many different cofactors involved in electron transport. Some complexes 
actively pump protons across the membrane, whereas others are indirectly involved 
through the release of protons by quinones. Generally, the difference in reduction 
potential of donor and acceptor is used to pump protons across the membrane to 
generate a proton motive force. This gradient drives the enzyme ATP-synthase which 
catalyses the phosphorylation of ADP to give ATP, the universal energy source in 
living organisms. Bacteria are able to utilise an alternative method of generating ATP 
by fermenting substrates although this method is far less productive. Respiratory 
chains are present in various degrees of complexity. Figure 1.1 depicts the 
mitochondrial respiratory chain consisting of 5 complexes: complex I (NADH 
dehydrogenase), complex II (succinate dehydrogenase), complex III (bc 1 -complex), 
complex IV (cytochrome c oxidase) and complex V (ATP synthase). This chain, 
found in higher organisms, appears to be rather simple since it contains only two 
primary dehydrogenases, one type of quinone (ubiquinone) and one terminal 
reductase. Electron delivering substrates are NADH and succinate. Cytochrome c 
oxidase aa3 catalyses the reduction of oxygen, the only electron acceptor. 
In contrast, the respiratory network of Escherichia coli contains a large number of 
dehydrogenases which allows the organism to use a number of different electron 
donors as indicated in figure 1.2. Isoenzymes of dehydrogenases add another 
dimension to the respiratory flexibility since one form participates in proton 
translocation and the other one does not (e.g. NADH dehydrogenase I (NuoA-N) and 
NADH dehydrogenase II(Ndh)). The efficiency of energy conservation can be 
regulated since proton-translocating dehydrogenases are mainly expressed under 
'energy-limited' anaerobic conditions, whereas in the presence of oxygen less 
stringent energy housekeeping can be afforded (Unden et al., 1997a). 
Complex Ill 
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Figure 1.1 Simplified model of the mitochondrial respiratory chain 
Cofactors are listed using abbreviations such as Fe-S for iron-sulfur clusters and a, b and c 
for cytochrome a, b and c 
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Figure 1.2 Enzymes involved in aerobic and anaerobic respiration of E. coil 
Figure and abbreviations adopted from Unden et al. (1 997a) 
3 
E. coil uses ubiquinone, menaquinone and demethylmenaquinone as membraneous 
electron shuttles between dehydrogenases and terminal reductases. Two quinol 
oxidases catalyse the reduction of oxygen. Quinol oxidase b03 actively pumps 
protons across the membrane during catalysis, whereas quinol oxidase bd is only 
indirectly involved in proton translocation. This presents the organism with another 
way to manipulate the efficiency of energy conservation. Under anaerobic conditions 
E. coil can respire on compounds such as nitrate, nitrite, fumarate and TMAO. 
Terminal reductases for these substrates are listed in figure 1.2. To complicate 
matters even further E. coli is also able to generate ATP by fermentation. 
It thus appears that the respiration system of the facultative anaerobe E. coil is far 
more flexible regarding electron donors and acceptors than respiration systems found 
in higher organisms. This ties in neatly with the fact that E. co/i faces more rapidly 
changing microenvironments than, for instance, humans do. Its modular respiratory 
network allows E. coil to master living in various environments. On the other hand 
the human respiratory chain is highly specialised for the acceptor oxygen and rightly 
so since oxygen has the highest reduction potential (high energy yield) and is 
constantly available at more or less the same concentration. 
This brief introduction is meant to illustrate the range of complexity found in 
respiratory systems: one system highly specialised and one system extremely 
versatile to accommodate various donors and acceptors. 
1.2 	Electron transport: electron carriers and transcriptional regulators 
1.2.1 Quinones 
Quinones are lipophilic electron carriers, forming links between integral subunits of 
many respiratory chains and membrane-bound dehydrogenases. Their localisation in 
the cytoplasmic membrane enables them to shuttle protons and electrons to and from 
the respiratory complexes. The quinoid headgroups are responsible for the redox 
properties of these molecules, whereas the polyisoprenyl tail contributes to their 
hydrophobic character (see figure 1.3). Bacteria produce a number of different 
quinones, but the most predominant are: the benzoquinone, ubiquinone; and the 
naphthoquinone, menaquinone. The ubiquinone/ubiquinol redox couple has a much 
more positive reduction potential (E m '= +100 mV) than menaquinone/menaquinol 
(Em ' -74 mV) which might explain their role in different respiratory pathways. 
Ubiquinone serves in aerobic Gram-negative bacteria and eukaryotes as the sole 
quinone involved in aerobic respiration. However, most anaerobic Gram-negative 
and Gram-positive bacteria contain only menaquinone. The facultative anaerobe E. 
coli possesses ubiquinone (Q), menaquinone (MK) and demethylmenaquinone 
(DMK), a less abundant naphthoquinone. It uses ubiquinone as the only quinone 
under aerobic conditions and prefers it for respiration on nitrate. Menaquinone and 
demethylmenaquinone are produced under anaerobic conditions when alternative 
electron acceptors like fumarate, TMAO and DMSO are present (for reviews see 
Meganathan, 2001 a+b). Shewanella oneidensis MR- 1, a y-proteobacterium like E. 
coli, was reported to contain Q-6, Q-7, Q-8, MK-7 and methylmenaquinone-7 
(MMK-7), a methylated derivative of MX (Venkanteswaren et al., 1999). Figure 1.3 























Figure 1.3 Structures of various quinones 
A - Ubiquinone/Ubiquinol (UQIUQH2 ), 
B - Demethylmenaquinone/Demethylmenaqujnol (DMK/DMKH 2), 
C - Menaquinone/Menaquinol (MKIMKH 2) 
D - Methylmenaquinone/Methylmenaquinop (MMKJMMKH 2) 
6 
MX is considered a vitamin (vitamin K 2) since it cannot be synthesised by mammals. 
It is produced by bacteria in the gastrointestinal tract and can be obtained through 
dietary uptake of phylloquinone from plant sources (as reviewed by Meganathan, 
2001 a). Ubiquinone can be produced by mammals using tyrosine, however bacteria 
use chorismate. The biosynthetic steps for ubiquinone and menaquinone in E. co/i 








Hydroxylations, 	Ubib, Ub1H, UbiF, 
Methylations + UbiE and UbiG 
Ubiquinone 
Figure 1.4 Biosynthesis of ubiquinone in E. CO/i 
Enzymes noted in italics. 
Both pathways accept methyl groups from S-adenosyl-methjonjne and prenyl side 
chains are formed with isopentenyl diphosphate (JPP). Bacteria produce IPP via the 
MEP (2-C-MethylDeryij.itol 4-phosphate) pathway and eukaryotic microrganisms 
use the mevalonate pathway. The length of the polyprenyl tail is species-specific due 
to enzyme specificity of PPP synthase (polyprenyl diphosphate synthase). For 
example E. co/i produces mainly Q-8 and Rhodobacter capsulatus Q-9. Interestingly, 
the prenylation step takes place early on in the ubiquinone pathway, which consists 
mainly of membrane-bound enzymes, whereas in the menaquinol synthesis, 
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Figure 1.5 Biosynthesis of menaquinone in E. coil 
Enzymes noted in italics. 
Since the genome of S. oneidensis MR-i encodes for many homologues of E. coli 
genes involved in quinone synthesis it is reasonable to assume similar biosynthetic 
pathways. 
1.2.2 Iron-sulfur proteins 
Iron-sulfur proteins are found throughout all kingdoms of life. The absence of 
oxygen and the relative abundance of iron and sulfur favoured the use of Fe-S 
clusters as catalysts during early respiration on earth. Pyrococcusfuriosus, an 
'ancient and primitive microorganism' (Beinert, 2000), produces Fe-S cluster 
containing ferrodoxins as electron acceptors of enzymes involved in glucose 
degradation compared to NADH found in moderate thermophiles (as reviewed by 
8 
Beinert, 2000). Fe-S proteins consist of the apoprotein and Fe-S clusters. These 
clusters are complexes containing iron, cysteinyl sulfur atoms and inorganic sulfide. 
Iron atoms are usually tetrahedrally ligated by inorganic sulfide or cysteinyl sulfur 
atoms from the polypeptide backbone. Proteins have been identified with clusters 
hosting between one and eight iron atoms as well as multiple, smaller clusters 
(Beinert et al., 1997). Some of the most commonly occurring clusters include 
mononuclear iron sites, linear Fe 2 S2 , cuboidal Fe3 S4 and cubane Fe4 S4 as shown in 
figure 1.6. 
In addition to their ability to act as redox centres Fe-S clusters have been shown to 
possess a remarkable structural versatility. They can be reversibly inserted into 
proteins, they influence the overall structure depending on which cysteine they ligate 
to and they are also capable of switching ligands. Their modular nature is underpined 
by the fact that these clusters are interconvertable. An excellent example of 
interconversion is found in the enzyme aconitase from Desulfovibrio gigas. 
Aconitase is inactive in the cuboidal Fe3S 4 state but spontaneous formation of the 
cubane Fe4S4  state activates the enzyme since it restores the substrate binding site 
(for review see Beinert et al., 1997). 
Electron transfer is one of the main functions of Fe-S proteins as their reduction 
potentials span a wide range. Microorganisms usually produce small, water-soluble 
Fe-S proteins which are part of terminal reductases such as the membrane-bound 
fumarate reductase (FrdB, E. coli). In these subunits multiple Fe-S clusters are 
arranged over a short distance to facilitate electron transfer between the catalytically 
active subunits and b-type cytochromes or quinones. Fe-S clusters are also found in 
larger respiratory complexes such as complexes I, II and III (Rieske cluster) in 
aerobic respiration. 
Fe-S clusters are used in substrate binding and catalysis since delocation of electrons 
within the cluster and attached substrates can lead to a polarisation which initiates the 
reaction. A well studied example is the previously mentioned aconitase from D. 
gigas. Fe4S4  clusters have been reported to serve as primary electron donors to 
reactions which are based on the free radical mechanism (as reviewed by Beinert, 
2000). 
D 
Figure 1.6 Commonly found Fe-S clusters 
A - mononuclear iron site, B - linear Fe 2S2 cluster, C - cuboidal Fe 3S4 cluster, 
D - cubane Fe4S4 cluster 
big red spheres - iron atoms, yellow spheres— cysteinyl sulfur atoms and inorganic sulfides, 
small red spheres - oxygen atoms 
Fe-S clusters are sensitive to oxidative degradation. This has been used by nature in 
responding to oxidative stress and oxygen sensing. An example for the former is the 
SoxRIS system of E. co/i (Liochev et al., 1999). SoxR, a transcriptional regulator, 
contains, under non-stress conditions, an Fe2S 2  cluster in the inactive +1 state. The 
02 radical oxidises the cluster into the +2 state which induces the soxS gene. This 
triggers a stress-response resulting in the expression of protective proteins against 
oxidative stress and DNA repair enzymes. 
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The FNR (fumarate and nitrate reduction) protein of E. co/i is a global transcription 
factor that controls the expression of many target genes in response to anoxia. It 
represses under anaerobic conditions the synthesis of enzymes involved in aerobic 
respiration and increases the synthesis of enzymes required for anaerobic respiration. 
Active FNR protein was anaerobically purified and it was found to be a dimer 
containing two very oxygen-sensitive Fe 4S4  clusters. In this form it shows great 
affinity for their DNA targets. In the presence of oxygen this dimer falls apart and 
the Fe4S4 cluster is converted into an Fe 2S2  cluster which is completely degraded 
after prolonged exposure to oxygen. The Fe 2 S2  form of FNR protein is monomeric 
and inactive (Unden et al., 1997b). 
Protein-bound Fe-S clusters can form spontaneously in the presence of inorganic 
sulfide and iron under anaerobic conditions but it seems an inefficient procedure in 
vivo. Iron-Sulfur-Cluster (ISC) assembly machineries have been identified in bacteria 
and eukaryotes (Mühlenhoff et al., 2000). This ISC assembly includes enzymes with 
pyridoxal phosphate cofactors which can produce sulfur from cysteines and transfer 
it in a protein-bound form to the production site of the cluster. Iron transporters, as 
identified from Azotocater vinelandii, might carry the iron atoms to the active site 
(Zheng et al., 1998). 
1.2.3 Flavins 
Flavin occurs in two biologically relevant forms, flavin mononucleotide (FMN) and 
flavin adenine dinucleotide (FAD) (figure 1.5). Both cofactors derive from riboflavin 
(vitamin B2) which has a ribityl side chain attached to the N- 10 position of the 
isoalloxazine ring system. Riboflavin has no significant role as a cofactor in enzyme 
catalysis. 
FAD and FMN contain the isoalloxazine ring system which allows electron transfer 
and storage. Differences are found in the N-10 tail which anchors the flavin nucleus 
to the protein. FAD possesses an adenine nucleotide tail, whereas FMN has only a 






7,8-dlmethyl-1O-R-isoajbxazlne (R alkyl subatituent) 
= "flavin" 
Figure 1.7 Structures of the flavin-containing cofactors FMN and FAD 
Figure adopted from Edmondson etal. (1999) 
Redox-active flavoenzymes catalyse a wide range of biological reactions such as 
oxygen activation, dehydrogenations, hydroxylations or other reactions in which the 
isoalloxazine ring donates or accepts one or two electrons (for review see Ghisla et 
al., 1989). This versatility is remarkable since most other cofactor-dependent 
enzymes catalyse only one type of chemical reaction. The reactivity of flavin is 
highly modular. For instance, the thermodynamic properties can vary depending on 
the protein environment of the isoalloxazine ring between reduction potentials of 
—495 and +80 mV (for review see Ghisla et al., 1989). The (4,5-diamino)-uracjl 
moiety acts as an electron 'sink' and it is responsible for stabilising the negative 
charge in the reduced state. A positive charge in close proximity to this moiety, e.g. 
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arginine or lysine, will lower the negative charge density, stabilise the negative 
charge and hence increase the reduction potential of the flavin. Hydrophobic or 
negatively charged amino acids have the reverse effect on the reduction potential. 
The reduction potential of the flavin, in this case FAD, is also dependent on whether 
the cofactor is covalently attached to polypeptide backbone. For example, the non-
covalently bound FAD in the soluble fumarate reductase of S.frigidimarina 
NCIMB400 has a reduction potential of —152 mV (Turner et al., 1999), whereas 
covalently attached FAD in the QFR of E. coli possesses a reduction potential of-55 
mV (Cecchini et al., 2002). In QFR the flavin is connected via an 8a-N3-histidyl link 
to the polypeptide backbone and the introduction of an imidazoyl residue at position 
8a increases the reduction potential by about 100 mV (figure 1.8). 
H2N \ - 
OH 
8a-(N3)-histidyl-FAD linkage 
Figure 1.8 Covalently-bound FAD present in the QFR of E. coil 
Kinetic flexibilty in flavoenzymes is introduced by specific loci for particular 
chemical reactions and steric restrictions to flavin accessibility. For instance, oxygen 
activation takes place at the C-4a atom of the ring system, whereas hydride transfer 
occurs at the N-5 atom. Flavins are capable of transferring electrons via hydride 
transfer, radical steps and formation of covalent adducts. Figure 1.9 summarises the 
redox reactions of the isoalloxazine ring. 
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Figure 1.9 Redox chemistry of the isoalloxazine ring 
Figure adopted from Murataliev et al. (1999) 
Depending on the protonation of the semiquinone it may be neutral (colourless) or 
anionic (red). The availability of three oxidation states means that the flavin can 
donate or accept one or two electrons during catalysis. In this context it was found 
that whether a radical is stabilised or not is dependent on the function of the enzyme. 
1.2.4 Hemoproteins 
Hemoproteins have several different roles in nature. These include electron transfer 
in respiratory pathways (e. g., cytochrome c or the bc 1  complex), storage (such as 
oxygen storage by myoglobin) or in catalysis (e. g., P450s or nitrite reductase 
cytochrome cdi ). Herne is generally a one-electron cofactor, with iron switching 
between the Fe 2+ 	3+ and Fe oxidation states, an exception are ferryl intermediates 
4+ 
(Fe ) found in P450 and heme-copper oxidase reaction cycles. The heme moiety 
consists of an iron bound by four ring nitrogens at the centre of a porphyrin 
macrocycle. Hemes are classified according to the substituents of the porphyrin ring 
and whether the cofactor is bound covalently to the protein matrix or not. Three 







Figure 1.10 Structures of heme a, band c 
Each type has a characteristic UV-visible absorption spectrum which arises from 
* electronic transitions of the porphyrin ring. Herne a has two modified side 
chains, a formyl group and a seventeen carbon side chain, and is bound in a non-
covalent fashion to the protein. Cytochromes a are not widely distrubted except for 
the family of heme-copper terminal oxidases (e. g. cytochrome c oxidase aa3). The b-
type cytochromes contain non-covalently bound iron protoporphyrin LX, whereas c-
type cytochromes have iron protoporphyrin IX covalently bound to the protein via 
thioether links formed by the condensation of cysteine with the vinyl groups of the 
porphyrin. These cysteine residues are provided by the typical c-type heme binding 
motifs CXXCH or CXXXXCH. 
15 
Cytochromes c can be categorised into four different classes (see table 1.1) based on 
spin state of the iron, 6th  ligand to the iron and heme location in the protein according 
to Pettigrew etal. (1987). 
Table 1.1 Different classes of c-type cytochromes (Pettigrew etal., 1987) 
Class I 
• Low-spin, mono-heme c-type cytochromes from mitochondria and bacteria 
• Methonine is sixth ligand 
• Herne located to the N-terminus 
• Examples: mitochondrial cytochrome c and cytochrome c554 from P. den itrfIcans 
Class II 
• Low- and high-spin hemes 
• Methonine is 6th  ligand in low-spin hemes, no 6th  ligand in high spin hemes 
• Herne located to the C-terminus 
• Examples: cytochrome c556 and cytochrome c' 
Class III 
• Low-spin multihemes (one heme per 30-40 amino acids) 
• Bis-histidyl ligated 
• Reduction potentials cover a range from 0 to —400 mV 
• Examples: cytochrome C3 (Desu!fovibrio sp.), tetraheme CyrnA (Shewanella sp.) 
Class IV was orignally meant to include complex proteins containing c-type hemes 
and other prosthetic groups, for instance flavocytochrome c3 or nitrite reductase cd1 . 
The biogenesis of c-type cytochromes is a post-translational maturation process 
which results in the covalent attachment of heme to the apoprotein via two thioether 
bonds. Three distinct maturation systems have been found in different organisms 
(table 1.2) as described by Kranz et al. (1998): 
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Table 1.2 Three different systems for c-type cytochrome maturation (Kranz et aL, 
1998) 
System I 
a- and y-proteobacteria, deinococci and mitochondria of plants and protozoa 
System II 
Gram-positive bacteria, cyanobacteria, 3-, - and c-proteobacteria, plant and algal 
chioroplasts and perhaps archaea 
System III 
yeast, Neurospora, C. elegans, mouse and human 
The components of systems I and II share no sequence similarity, however two small 
sequence motifs, a tryptophan-rich and a thioredoxin motif, are present in both 
systems. System III is centred around the single enzyme cytochrome c heme lyase 
which has no bacterial homologues. Systems I and II are far more complex than 
system III and the best studied example of a maturation complex is found in E. coli, a 
system I organism (for review see Thöny-Meyer, 2002). The main tasks of such a 
maturation system are the transport of heme across the membrane, the necessity of 
keeping the apoprotein reduced (thioreduction-oxidation pathway) and getting the 
two together for catalysis in a stereospecific manner. E. coli possesses a cytochrome 
c maturase complex encoded by the ccmABCDEFGFJ (cytochrome c maturation)
cluster (figure 1.11). The first two gene products CcmA and B encode the ATPase 
and membrane permease subunits of an ABC-type transporter. This appeared to be 
the ideal candidate for a heme transporter but recent results as discussed by Thony-
Meyer (2002) showed that this was not the case. CcmC, an integral membrane 
protein with six transmembrane helices, is speculated to possibly carry out two 
functions: to be a catalyst for the covalent attachment of heme to CcniE and a c-type 
heme specific transporter. However, the mechanism for heme transport across the 
membrane is still elusive but it is known that the last step of heme synthesis is 
catalysed by the cytoplasmic ferrochelatase. 
CcmC possesses a tryptophan-rich loop between helices 3 and 4, like the CcsA 
homologue from system II, which is supposed to bind heme. Additionally, invariant 
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histidines in the neighbouring loops could act as heme ligands to transiently bind 
heme. CcmC is crucial for the covalent attachment of heme to apo-CcmE as shown 
by in vitro binding experiments (Thony-Meyer, 2002). CcmE, a periplasmic protein 
with a hydrophobic anchor, has two conserved motifs in the soluble domain, one of 
which includes His130. Strong evidence suggests that His130 binds the heme group 
in an unprecedented manner since only thioether bonds were described prior to that 
(Thony-Meyer, 2000). The role of the integral membrane protein CcmD is to stabilse 
the Holo-CcmE complex which is then thought to pass the heme group on to the 
potential heme lyase, CcmF, which terminates the heme delivery pathway. The 
membrane integral CcmF also possesses a tryptophan-rich motif and invariant 
histidines which could transiently bind the heme group prior to ligation with the 














Figure 1.11 The Ccm maturase complex in E. coil 
Bacterial c-type cytochromes possess an N-terminal signal sequence which suggests 
a secretion by the sec-pathway (Thony-Meyer, 1994). The SH-groups of the heme 
binding motif are most likely to be oxidised and form disulfide bonds when exposed 
to the periplasm. Since heme binding only occurs when the cysteines are reduced, an 
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electron transfer pathway to the periplasmic apoprotein, referred to as the 
thioreduction-oxidation pathway, is required. It is thought that DsbD, a membrane 
integral protein capable of forming disulfide bonds, is reduced by cytosolic 
thioredoxin. DsbD passes electrons on to the periplasmic thioredoxin-like protein 
CcmG. CcmG is believed to reduce CcmH which then transfers electrons to the 
apocytochrome c to enable the ligation with the heme group. Once the heme group is 
covalenty attached, the holocytochrome c assumes its natural fold. 
1.2.5 Transcriptional regulators 
Facultative anaerobic bacteria can use a wide range of electron acceptors other than 
oxygen. Gene regulation is essential to manage the energy household in the presence 
of more than one electron acceptor. Electron acceptors are ordered in a hierarchy 
according to their maximal energy yield or their contribution to the growth rate. Only 
those respiratory pathways which lead to the highest benefit for the cell are 
expressed. 
Regulatory elements consist of a sensory and regulatory domain. In the case of the 
transcriptional regulator FNIR these domains are found on a single protein, whereas 
two-component systems have separate subunits with a histidine protein kinase 
domain (HPK)and a response regulator domain (RR). The HPK domain senses a 
signal and autophosphorylation occurs, usually a well conserved histidine residue is 
phosphorylated. This histidine passes the phospho-group on to a well conserved 
aspartate residue of the RR domain leading to structural changes which result in its 
activation. Once the concentration of active, phosphorylated RR domain surpasses a 
certain threshold, the DNA target is engaged and a physiological response is 
triggered. It is known that one sensory protein can interact with a number of different 
RR domains to trigger a complex response. Two-component systems are found in 
archaea indicating it to be a most ancient form of signalling (Atkinson et al., 1999). 
Figure 1.10 summarises the main regulators of respiratory processes, ArcA/B, FNR 
and NarX/L (NarQ/P), found in E. colE. 
The ArcA!B system (aerobic respiratorycontrol) includes the membrane-bound 
sensor ArcB and the response regulator ArcA. ArcA controls the expression of many 
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enzymes involved in aerobic respiration. This includes the TCA cycle enzymes 
which are repressed in the absence of oxygen (figure 1.12). The sensory protein 
ArcB has, in addition to the HPK domain containing the conserved histidine, a 
potential receiver domain with mainly acidic residues. It appears that ArcB 
previously encoded an independent two-component system. One theory postulates a 
gene fusion with another regulatory gene which lead to the acquisition of a more 
sophisticated sensor. The conserved histidine of the HPK domain still delivers a 
phospho-group to ArcA, although a second autophosphorylation step is needed to 
saturate the aspartate residue of the additional receiver domain in order to induce 
structural changes (luchi etal., 1993). 
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regulator 	 Examples of target 
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• pyruvate dehydrogenase 
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Figure 1.12 Regulation of respiratory pathways in E. coil (Unden etaL, 1997a) 
+1- indicates up or down regulation of gene targets. 
go 
In the absence of oxygen the transcriptional regulator FNR (fumarate and nitrate 
reductase regulation) turns on the expression of genes needed in anaerobic 
metabolism (figure 1.12). Sensory and regulatory domains are contained on one 27 
kDa, cytosolic protein. The sensory domain incorporates a [4Fe-4S] 2 cluster in the 
active, dimeric form under anaerobic conditions. Oxygen enters the cytoplasm via 
diffusion and is thought to inactivate FNR by direct interaction. Upon oxidation of 
the [4Fe-4S] 2+ cluster the dimer falls apart resulting in a dramatic loss of affinity for 
the target DNA. Inactive forms of FNR can be generated artificially containing [3Fe-
4S], [2Fe-2S] 2  or no Fe-S cluster (as described in section 1.2.2). All of these 
inactive forms can be converted into the active form in vitro but so far it is unknown 
which of them is the biologically relevant inactive state. Reactivation in vivo is 
speculated to require the NifS-like protein of E. co/i and cellular reductants 
(reviewed by Unden et al., 1997b). The dimeric FNR, present below an oxygen 
concentration of 1 jiM, is regulatory active and binds to the target DNA sequence 
TTGATNNNNATCAA. 
A homologous pair of two-component systems, NarX/L and NarQ/P, are involved in 
the sensing and regulation of nitrate and nitrite. These two systems combine to 
facilitate an independent expression of genes responsible for nitrate and nitrite 
respiration. Both membraneous sensors NarX and Q detect nitrate and nitrite and are 
capable of transferring phospho-groups to both response regulators, NarL and P. 
Typically for two-component systems, a well conserved histidine residue of the 
sensory subunit and an aspartate of the regulatory subunit catalyse this phospho-
group transfer. The presence of nitrate achieves a similar degree of phosphorylation 
of NarL and P, however NarL is only weakly phosphoiylated in the presence of 
nitrite compared to NarP. Activated NaiL and P positively regulate genes of the 
nitrate and nitrite respiratory branches by binding to a specific DNA heptamer but 
they repress genes involved in other anaerobic pathways as indicated in figure 1 (frd 
and dins operon). These arrangements are energetically plausible since nitrate is, 
after oxygen, the most electro-positive electron acceptor (E m ' +420 mV). 
Interestingly, Wolinella succinogenes does not follow this hierarchy of electron 
acceptors since it preferentially uses polysulfide, an electro-negative electron 
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acceptor (Em '= -270 mV). This unusual behaviour could be explained by gains in 
other areas such as improved growth rates or adaptation to specific niches in nature 
(reviewed by Unden et al., 1997a). 
The elucidation of the S. oneidensis MR-I genome revealed the presence of 23 HPK, 
57 RR and 8 HPK-RR hybrids facilitating the fast detection and response to various 
environmental signals. However, in comparison to other environmental bacteria there 
is a distinct lack of regulatory systems. This could be due to the fact that S. 
oneidensis MR-i uses only a limited number of carbon sources and that it is a non- 
fermentative organism (Heidelberg et al., 2002). S. oneidensis MR-I can respire on 
numerous different substrates (section 1.3) which span a wide range of electron 
potentials. It is thus interesting to find out how S. oneidensis MR-i regulates such a 
complex respiratory network. It obviously possesses the capability to sense oxygen 
since the expression of various cytochromes and menaquinone is elevated under 
anaerobic conditions (Myers et al., 1992+1993). A gene of S. oneidensis MR-1, eli-A 
(lectron transport regulator A), has been identified which shows great similarity to 
fnr of E. co/i. The amino acid sequences are 73.6 % identical. Saffarini et al. (1993) 
outlined the facts that EtrA also possesses the four crucial cysteines to bind an Fe-S 
cluster and that the DNA-binding domains are identical. They demonstrated that the 
etrA gene of S. oneidensis MR-i can complement afnr-negative strain of E. co/i 
indicating a similar target DNA sequence for both regulators. Their experiments 
suggested that EtrA is an important anaerobic regulator since an etrA mutant of S. 
oneidensis MR-i was incapable of respiring on nitrite, thiosulfate, sulfite, TMAO, 
DMSO, Fe(III) and fumarate. However, results obtained by Maier et al. (2001) 
demonstrated that EtrA is not involved in regulation of these pathways and that 
Saffarini et al. (1993) did not generate an etrA-knockout based on the fact that their 
knockout-plasmid can replicate in S. oneidensis MR-1. Maier et al. (2001) suggested 
that EtrA plays a more subtle role in regulation than FNR in E. co/i. DNA-
microarrays were used by Beliaev et al. (2002) to investigate transcriptional effects 
of an etrA mutant. It was shown that EtrA is not crucial for anaerobic respiration but 
the mRNA concentration of 69 genes with various functions (metabolism, transport, 
regulation) was altered in the etrA-knockout background. Since little is known about 
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regulation in S. oneidensis MR-i it was suggested that a complex regulation system 
could compensate for the loss of EtrA. 
Recent work conducted on S. frigidimarina revealed the presence of a novel iron-
responsive gene regulation system (Reyes-Ramirez et al., 2003). S. frigidimarina 
produces a number of c-type cytochromes when Fe(III) is the sole electron acceptor, 
one of which is the iron-inducible, periplasmic flavocytochrome IfcA. Its c-type 
cytochrome domain was proposed to serve in intermembrane electron transport and 
reduction of soluble ferric iron (Dobbin et al., 1999). The monocistronic ifcA gene is 
clustered with genes named ifcO and ifcR. The ifcO gene encodes for a putative 
outer-membrane f3—barrel porin which might transport Fe(III) chelates into the 
periplasm. The deduced amino acid sequence of the ifcR gene shows similarities with 
members of the large LysR family of transcriptional regulators. These proteins 
usually contain between 300 and 350 amino acids and possess an N-terminal helix-
turn-helix DNA-binding motif. They require a small molecule to act as a coinducer 
in order to positively regulate their target genes. Knockout experiments indicate a 
possible role for IfcR as a transcriptional activator for IfcA and IfcO. The expression 
of IfcR is regulated by the presence of ferric iron and is independent of anoxia. 
However, it has been shown in a mutant which constitutively expresses IfcR that 
ferric iron is not needed for activating the expression of MA. Gene homologues of 
ifeA, R and 0 are present in S. oneidensis MR-i although arranged in a different 
order (Reyes-Ramirez et al., 2003). 
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1.3 	She wane/Ia, a master of respiration 
The genus Shewanella has been classified as a member of the y-subgroup of 
proteobacteria. Figure 1.14 illustrates the location of proteobacteria in the realm of 
life. The family of proteobacteria is further subdivided as indicated in figure 1.15. 
All members of the genus Shewanella share similar characteristics, e. g. Gram-
negative, rod-shaped, motile (single, polar flagella) and non-spore forming. Cells are 
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Figure 1.13 Electron-microscope image of Shewanella oneidensis MR-1 growing on 
the surface of the iron oxide mineral hematite 
(hftp://picturethis.pnl.gov/picturet.nsf/f/uv?open&AMER-5D3PVB)  
Shewanella sp. have been isolated from soil, sediments, aquatic environments and 
from clinical samples. More species are regularly discovered making Shewanella a 
fast growing genus. Examples of this dynamic development include three new 
species isolated from the intestines of sea animals from the Japanese Sea, namely. S. 
marinintestina, S. schiegeliana and S. sairae (Satomi et al., 2003), and one isolate 
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Figure 1.14 The location of proteobacteria within the phylogenetic tree of the living 
world 
Phylogenetic tree based on 16S and 18S rRNA 
Figure taken from Brock, Biology of Microorganisms, 91h Edition 
Shewanella species have been the subject of research for many decades now. 
Members of the genus are involved in a number of different processes. S. massila has 
been associated with the spoilage of fish (Dos Santos etal., 1998), S. alga is the 
predominat human pathogen within the genus causing, for instance, soft tissue 
infections (Khashe et al., 1998) and some Shewanella sp. have the potential to act as 
an agent in bioremediation. There are three reported ways of how Shewanella can 
contribute to bioremediation: 
• Co-metabolisation of halogenated organic pollutants (Cervini-Silva et al., 2003, 
Picardal etal., 1995) 
• Reduction of soluble heavy metals (V, Tc ,Cr ,U) into insolubles oxides 
(Carpentier et al., 2003, Wildung et al., 2000, Myers et al., 2000, Wade et al., 
2000) 
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These possible applications in bioremediation are generated by a unique branched 
respiration system which allows Shewanella to respire on fumarate, nitrate, nitrite, 
DMSO, TMAO, sulfite, thiosulfate and elemental sulfur (Myers et al., 1988, Nealson 
et al., 1994). Unusually it is also capable of coupling the reduction of metal oxides to 
the oxidation of organic carbon. Myers et at. (1990) showed that S. putrefaciens MR-
I couples the translocation of protons across the cytoplasmic membrane with the 
reduction of insoluble iron(III) and manganese(IV) oxides on the outer membrane. 
Venkateswaran et al. (1999) employed a polyphasic approach to catalogue the genus 
Shewanella. This resulted in the reclassification of S. putrefaciens MR-i and a new 
strain called S. oneidensis MR-I emerged. The 4.9 Mb genome of this metal ion 
reducing strain was recently sequenced (Heidelberg et al., 2002) and the presence of 
39 c-type cytochromes, in contrast to 7 found in E. coli, was revealed. This 
remarkably high number of c-type cytochromes was associated with the respiratory 
plasticity of this organism. The genome revealed that most open reading frames were 
similar to genes from Vibrio cholerae or showed high similarities to other S. 
oneidensis MR-i genes. A remarkable amount of gene duplication was found for 
genes involved in energy metabolism, especially in electron transport, which 
supports the importance of cytochromes in this multibranched respiratory network. 
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1.4 Anaerobic respiration 
S. oneidensis MR-i possesses great flexibilty in the use of terminal electron 
acceptors which seems to be correlated to the large number of c-type cytochromes 
present in this organism (described in section 1.3). One of these is the membrane-
bound tetraheme CymA, a member of the NapC/NirT family. This family of c-type 
cytochromes mediates electron transfer from the quinone pool to terminal reductases 
located to the periplasm or the outer membrane. It is believed that this family forms 
an alternative route to the bc1-complex in proteobacteria. Knockout experiments 
conducted by Myers et at. (1 997a) generated a CMTn- I mutant which is deficient in 
fumarate, iron(III) and nitrate respiration. Mangenese(IV) respiration was partially 
affected but TMAO respiration was shown to be unaffected by this mutation. It was 
demonstrated that the transposon insertion took place in the reading frame encoding 
for CymA. Figure 1.16 illustrates the possible involvement of CymA in anaerobic 
respiration of S. oneidensis MR-1. In the following sections pathways leading to 
reduction of fumarate, nitrate/nitrite, iron(III) and DMSO/TMAO found in close 
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Figure 1.16 CymA, putative electron donor to various different pathways in anaerobic 
respiration of S. oneidensis MR-1 
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1.4.1 Fumarate respiration in bacteria 
Fumarate respiration is widespread in bacteria and archaea. The succinate/fumarate 
couple has a standard reduction potential of +30 mV and this renders the reaction 
reversible under most metabolic conditions. This redox couple plays a dual role in 
that fumarate can serve as an electron acceptor under anaerobic conditions and 
succinate is a key electron donor in aerobic respiration chains that lead to the 
generation of a chemical proton gradient across the membranes driving the synthesis 
of ATP. 
Most enzymes involved in fumarate respiration fall into the category of 
succinate:quinone oxidoreductases (SQOR, EC 1.3.5.1). This category is split into 
succinate:quinone reductases (SQRs) and quinol:fumarate reductases (QFRs). QFRs 
catalyse the following two half-reactions: 
quinol - quinone + 2H + 2e - 
fumarate + 2H + 2e -p succinate 
QFRs usually consist of three or four subunits. Subunits A and B are hydrophilic, 
cytoplasmic proteins. Subunit A hosts the catalytically active centre where reaction 
(2) takes place. Covalently bound FAD is found in the active site of subunit A. 
Subunit B, an iron-sulfur protein, delivers electrons to subunit A. Subunits C and D 
are integral membrane proteins and contain in some cases b-type hemes. They 
function as an anchor and contain the sites for quinol oxidation. A review by 
Lancaster (2002) describes a classification system for SQORs based on differences in 
the organisation of the hydrophobic domain. The hydrophobic subunits vary in 
numbers and heme content (see table 1.3). 
Table 1.3 Classification system for SQORs described by Lancaster (2002) 
Category A B C D I 	E 
Hydrophobic subunits 2 1 2 2 2 
b-type hemes 2 2 1 0 0 
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Two examples have been chosen here to illustrate fumarate respiration in bacteria 
related to Shewanella. The first example is the QFR from Wolinella succinogenes 
(FrdABC). It has been classified according to Lancaster as a Type B enzyme since it 
has one hydrophobic subunit and two b-type hemes (figure 1.17). This system has 
been intensively studied and crystal structures are available (Kroger et al., 2002, 
Lancaster et al. 1999). 
(A) 
Fumarate ± 2e 	Succinate 
FAD 
(B) 
Fumarate + 2e 	Succinate 
FAD fl 
2Fe-2S ) 	 2Fe-2S 
4Fe-4S 4Fe-4S 
3Fe-4S ) 	 3Fe-4S 	 cytoplasm 
MK+2H Q 	 MK+2H 
MKH2 
 - -- 1T 0) MKH2 
periplasm 
Figure 1.17 Fumarate respiration in (A) Wolinella succinogenes and (B) Escherichia 
coil (Lancaster et al., 2002): Differences are found in the hydrophobic domain, b-type 
hemes are drawn as red discs. 
Under anaerobic conditions W. succinogenes can feed electrons into fumarate 
reduction via a hydrogenase (HydABC), a formate dehydrogenase (FdhABC) or a 
polysulfide reductase (P5rABC). These three enzymes have a similar organisation. 
FdhA, HydB and PsrA are the hydrophilic, catalytically active subunits facing the 
periplasm. FdhA and PsrA contain molybdenum while HydB has a nickel atom 
incorporated at the active site (Lancaster etal., 2002, Dietrich et al., 2002). Subunits 
FdlliB, HydA and PsrB are iron-sulfur proteins and transfer electrons from the 
periplasmic subunits to the C subunits. The C subunits are integral membrane 
proteins containing b-type hemes and provide sites for quinone reduction. The 
quinols produced, in this case menaquinols, are oxidised by FrdC, the membrane 
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anchor subunit of the fumarate reductase. FrdC is a di-heme cytochrome b possessing 
five transmembrane helices. The two hemes vary significantly in potential, being 
-150 and -15 mV. It has been postulated that the high reduction potential heme is 
proximal to the iron-sulfur protein and plays a more important role in menaquinol 
oxidation (Kroger et al., 2002). Electrons are thought to be transferred from the b-
type heme via the iron-sulfur clusters to the covalently bound FAD in the active site. 
The crystal structure reveals that all redox centres are arranged within close 
proximity (less than 14 A) allowing rapid electron transfer. 
A similar, well understood example for fumarate respiration is found in the QFR 
from Escherichia coil (FrdABCD). This menaquinol:ftimarate oxidoreductase can 
also act convincingly as a succinate dehydrogenase since the ratio of fumarate 
reduction to succinate oxidation is only 1.5:1. Additionally, E. coil possesses a 
succinate:ubiquinone oxidoreductase (SdhCDAB) with a ratio of succinate oxidation 
to fumarate reduction of 25:1 (reviewed by Cecchini et al., 2002). The sdh operon is 
well expressed under aerobic conditions due to its role in the citric acid cycle and it 
is regulated mainly by the ArcA/B system. Thefrd operon is optimally expressed 
under anaerobic growth conditions providing the final redox enzyme in a pathway 
leading to fumarate reduction. This operon is stimulated positively by the anaerobic 
global regulator FNR and the down regulation occurs through NarXIL in the 
presence of nitrate (reviewed by Cecchini et al., 2002). 
FrdA and B are similar in structure and function in homologues from Wolinelia 
succinogenes. Differences are found in the hydrophobic subunits. E. co/i fumarate 
reductase possesses two integral membrane proteins, FrdC and D, and no b-type 
hemes. Hence it has been classified as a Type D enzyme according to Lancaster 
(2002). Subunits FrdC and D form a transmembrane domain consisting of a four-
helix bundle arrangement with two additional helices outside this core (Cecchini et 
al. 2002). The crystal structure of QFR from E. co/i shows two menaquinol 
molecules in the membrane anchor in similar positions to the b-type hemes in the 
Wo/inella enzyme suggesting a role in electron transfer (Iverson et al., 1999). 
The FrdA subunit consists of an FAD binding domain and a capping domain. Both 
domains are connected by a small, flexible hinge region controlling access to the 
active site. Most succinate:quinone oxidoreductases have an 8a-[N-histidyl]-FAD 
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linkage. This covalent binding of the flavin raises its redox potential by 70-100 mV 
allowing it to oxidise succinate. Soluble furnarate reductases containing non-
covalently bound FAD are far less efficient in oxidising succinate (Cecchini et al., 
2002, Dobbin et al., 1999). 
In Shewanella a different system for fumarate respiration is present. Myers et al. 
showed that all fumarate reductase activity was abolished as a result of knocking out 
theftcA gene of Shewanella oneidensis MR- 1 which encodes for the fumarate 
reductase flavocytochrome C3 (Myers et al. 1997b). It appears that S. oneidensis MR-
I possesses only one active fumarate reducing enzyme despite having an operon that 
is very similar to thefrd operon from Wolinella and a gene (S01421) which has 
similarities to the ifeA gene from S. frigidimarina NC[MB400. This gene encodes an 
iron inducible flavocytochrome c with in vitro fumarate reductase activity (Dobbin et 
al. 1999). 
The physiological fumarate reductase flavocytochrome C3 (Fcc3 ) is a soluble 
periplasmic enzyme. It is a single polypeptide consisting of an FAD binding domain, 
a capping domain and a cytochrome domain (figure 1.18) (Taylor et al., 1999, Leys 
etal., 1999). FAD is non-covalently attached but the overall structure is very similar 
to that of FrdA from E. coli. The cytochrome domain consists of four c-type hemes 
which are partially solvent exposed. It is similar in function to FrdB though 
structurally unrelated. Electrons enter fumarate reductase through this tetraheme c-
type cytochrome domain and are transferred to the FAD at the active site for 
substrate reduction. Fcc3 from S. frigidimarina has been well characterised in terms 
of the reaction mechanism including electron and proton delivery pathways to the 
active site (Reid et al. 2000, Turner et al., 1999). Since no integral membrane 
proteins are present it has recently been postulated that CymA, a membrane 
associated tetraheme c-type cytochrome, replaces FrdCD in function (Schwalb et al. 
2002). 
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Figure 1.18 Crystal structure of flavocytochrome C3 from S. frigidimarina NCIMB400 
The polypeptide chain is shown as a ribbon diagram with the cytochrome, flavin-binding and 
capping domains coloured in blue, green and purple, respectively. The heme groups are 
shown in red and the flavin is in yellow (Taylor et.aI.,1999). 
1.4.2 Iron respiration in Shewanella oneidensis MR-1 
Iron respiration is thought to be one of the oldest forms of respiration and it predates 
the use of oxygen as a terminal electron acceptor. The oxygen production by 
photosynthetic cyanobacteria initialised the change from a reducing to oxidising 
environment on earth. As a consequence ferric iron replaced ferrous iron and took 
over as the major electron acceptor in oceans and remained as such until oxygen was 
available in sufficient amounts. It is thought that primitive electron transport systems 
containing iron-sulfur and ferrodoxin-like proteins found in Archaebacteria could 
have been responsible for iron respiration (Nealson et al., 1990+1994). 
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The mechanism of this form of respiration is even nowadays poorly understood. It is 
known that iron and manganese respiration take place between zones or sediments of 
nitrate and sulfur reduction or methanogensis in sea and fresh water bodies (Nealson 
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Figure 1.19 Redox cycling of iron and manganese 
MRB - metal reducing bacteria (Nealson etal., 1994+1997) 
These transition metals are insoluble in their oxidised form and hence sink deeper 
into anoxic zones, where organic matter is used by metal reducing bacteria to reduce 
them. The reduced metals are then either sedimented as carbonates, phosphates or 
sulfides or diffuse back into more oxidising zones where the redox cycle is complete. 
This redox cycling of iron and manganese plays an important role in the 
biogeochemistry of carbon, sulfur, phosphorus and trace element cycles (Nealson et 
al., 1994+1997). Trace elements are bound to larger particles of insoluble metal 
oxides of iron and manganese and are released once reduction has occurred. The 
phenomenon of banded iron formations, a heritage of the planet's geological past, 
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can be explained by these redox cycles assuming there were occasional changes in 
the availability of organic matter (Nealson et al., 1990). 
For years it was thought that these cycles were purely of an abiotical nature but 
recently a number of phylogenetically different organisms such as Shewanella 
oneidensis MR- 1, Geobacter metallireducens and Desulfuromonas acetoxidans were 
found to be capable of driving this redox cycle by using organic matter to reduce 
metal oxides (Nealson et al., 1997). Metal reducing organisms face the problem of 
insoluble iron and manganese oxides which cannot penetrate the outer membrane. 
Furthermore, these metals possess many different forms of oxides with different 
properties. Bacteria also compete with the abiotical redox reactions of different 
metals such as the reduction of manganese by iron (Nealson et al., 1997). 
Remarkably, bacteria have found ways to use insoluble metal oxides as electron 
acceptors. It was shown by employing the oxidant pulse technique described by 
Myers et al. that Shewanella oneidensis MR-1 couples the translocation of protons 
across the cytoplasmic membrane with the reduction of insoluble iron(III) and 
manganese(IV) oxides on the outer membrane (Myers et al., 1990). This interesting 
finding of a terminal reductase located on the outer membrane of Shewanella 
oneidensis MR-i is consistent with the fact that under anaerobic conditions 80% of 
the membrane attached c-type cytochromes were localised on the outer membrane 
(Myers etal., 1992+1993a). Inhibitor studies and iron starvation trials suggest that 
cytochromes are involved in iron respiration in Shewanella (Myers et al., 1990, 
Obuekwe etal., 1982). Ferric reductase activity was mainly found in the outer 
membrane but some activity was present in the cytoplasmic membrane indicating the 
presence of a second ferric reductase (Myers et al., 1993b). 
Shewanella are known to possess different quinones and naphthoquinones. Mutants 
with deficiencies in the menaquinone pathway are severely hampered in the 
reduction of iron and manganese reduction indicating that menaquinone or 
methylmenaquinones are involved in iron respiration (Myers et al., 1993b, Saffarini 
et al., 2002). Knock-out studies have demonstrated that the small tetraheme c-type 
cytochrome, CymA, is crucial for respiration on fumarate, nitrate and iron(III) and 
preferred for manganese(IV) reduction (Myers et al., 1997a). CymA is attached to 
the cytoplasmic membrane facing the periplasm. It belongs to the NapCfNirT family 
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and hence participates in electron transfer from the quinone pool to periplasmic, 
terminal reductases (Myers et al., 1997a, Schwalb et al., 2002). Possible electron 
shuttles across the periplasm are cytochrome c3 and the decaheme MtrA. Theses c-
type cytochromes have been reported to be essential for respiration on iron (Gordon 
etal., 2000, Beliaev etal., 2001). Sequential electron transfer was proposed from 
cytochrome c3  to MtrA leading to the reduction of insoluble oxides on the outer 
membrane involving MtrB and MtrC (Schwalb et al., 2003, Beliaev etal., 2001). 
Recently another model was put forward in which electron transfer is not sequential 
between cytochrome c3  and MtrA. It also includes the reduction of soluble Fe(III) 
species in the periplasm by MtrA and cytochrome C3 (Pitts et al., 2003). A terminal 
iron or manganese reductase has not been identified so far and the possibility of two 
different terminal reductases was also discussed (Nealson et al., 1994). Myers and 
Myers suggested an overlapping role of the two outer membrane-bound decahemes 
OmcA and OmcB (MtrC) in manganese reduction (Myers et al., 2003). Other reports 
suggest that MtrB, an outer membrane protein, is crucial for iron reduction, for the 
correct localisation of outer membrane cytochromes and might be part of the ferric 
reductase complex due to a metal binding site motif (Beliaev et al., 1998, Myers et 
al., 2002). Additionally, the genes mtrDEF encode for similar proteins to the 
mtrABC genes which could mean that even more proteins are involved in this 
process. 
Not only the mechanism remains controversial but also the mode of contact between 
cells and insoluble metal oxides. In opposition to the model of direct interactions 
between cells and insoluble metal oxides is the theory of an indirect transfer via 
extracellular electron shuttles. The nature of these shuttles varies. Small cytochromes 
were considered but this idea was dismissed due to unfavourable energetic 
considerations (Seeliger et al., 1998, Lloyd et al., 1999). Humic acids and melanin 
have been shown to mediate and enhance electron transfer significantly to insoluble 
ferric oxides in Geobacter and Shewane!!a species (Lovely et al., 1996, Turick et al., 
2003). The quinone moiety in these molecules enables them to transfer electrons 
from the cell to the insoluble oxides, however the second half of this reaction is 
purely abiotic. Shewanella oneidensis MR-i excretes small quinones which are 
postulated to be extracellular electron carriers (Newman et al., 2000) and Geobacter 
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suifurreducens uses cysteine molecules for the same purpose (Doong et al., 2002). 
Overall the different routes of indirect electron transfer seem to speed up the 
reduction of insoluble metal oxides on the cell exterior. 
1.4.3 DMSO/TMAO respiration in bacteria 
Phylogenetically different bacteria such as marine bacteria (Photobacterium, 
Shewaneila and Vibrio species), photosynthetic bacteria (Rhodobacter species) and 
enterobacteria (Escherichia coil) can use the small organic compounds DMSO 
(dimethylsulfoxide) and TMAO (trimethylamine oxide) as terminal electron 
acceptors in anaerobic respiration (Sambasivarao et al., 1991, lobbi-Novel et al., 
1996, Dos Santos et al., 1998). 
DMSO is a stable, non-volatile compound that is ubiquitous in seawater. Little is 
known about the importance of DMSO but it was suggested that it is synthesised by 
phytoplankton and plays a role in sulfur cycling in the sea 
(http://www.uea.ac.uklenv/marinegas) . The low molecular mass compound TMAO is 
widely distributed in marine fish and invertebrates (Dos Santos et al., 1998). It is an 
organic osmolyte with a possible biological role in protecting proteins against 
denaturing stresses and hence it has been referred to as an 'osmoprotector' or a 
'chemical chaperone' (Wang et al., 1997). 
All terminal reductases involved in DMSO/TMAO respiration contain molybdenum 
cofactors. Molybdenum containing enzymes can be divided into four families: the 
xanthine dehydrogenase family, the sulfite oxidase/plant nitrate reductase family, the 
archeal aldehyde:ferrodoxin oxidoreductase family and the DMSO reductase family 
(McEwan et al., 2002). Well known representatives of the DMSO reductase family 
are DorA from Rhodobacter species, TorA from Shewaneila species and DmsA and 
NapA from E. coii. Several crystal structures are available from members of this 
family (for review see McEwan et al., 2002) and all have a common arrangement of 
four domains which form a funnel with the active site at the bottom of it. Domains I 
and H form one side of the funnel, whereas domain III shapes the other side. Domain 
IV constitutes the base of this funnel which lies beneath the molybdenum containing 
active site. Domains II and III bind the nucleotide portion of the cofactor and domain 
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IV interacts with the pterin moiety. While all structures reveal a bis(molybdopterin 
guanine dinucleotide) molybdenum cofactor at the active site (see figure 1.20) the 
amino acid ligand varies within the family and could well play a role in substrate 
specificity (McEwan et al., 2002). 
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Figure 1.20 Structure of bis(molybdopterin guanine dinucleotide) molybdenum 
cofactor Taken from the crystal structure of Rhodobacter DMSO reductase (McEwan etal., 
2002) 
The enzymes catalysing DMSO and/or TMAO reduction are all thought to be either 
membrane attached and facing the periplasm or periplasmic, except for some 
controversy about the DmsAB complex from E. co/i (McEwan et al., 2002). 
Sambasivarano et al. (2000) postulated that DmsA, despite having a twin arginine 
signal sequence, was located to the cytoplasmic site of the inner membrane forming a 
complex with DmsB and DmsC. Sargent et al. (1998) strongly oppose this model in 
reporting that DmsA is a periplasmic protein. More evidence will have to be obtained 
to definitively ascertain the cellular location of DmsA but it is generally accepted 
that it can reduce DMSO, TMAO and other N- and S-oxides (Sambasivarao et al., 
1991). The major difference between these respiratory complexes is found in the 
route of electron delivery to the active site. A couple of examples will be discussed 
to show the different arrangements identified so far. 
TMAO respiration is well characterised in E. coli and Shewanella inassila (see figure 
1.21). E. co/i possesses a IorCAD operon and S. massila a torECAD operon. The 
torA gene encodes for the catalytically active TorA enzyme, a 90 kDa protein which 
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shows high substrate specificity for TMAO and is not able to reduce DMSO (lobbi-
Novel etal., 1996, Dos Santos etal., 1998). 
TorA proteins have twin arginine signal sequences indicating that they are directed to 
the periplasm by a sec-independent pathway (Weiner et al., 1998, Shaw et al., 1996). 
This sec-independent pathway translocates fully folded proteins with inserted 
cofactors like bis(MGD) molybdenum from the cytoplasm to the periplasm (Weiner 
et al., 1998). The gene product of torC is a 44 kDa, membrane-attached, pentaheme 
c-type cytochrome (Gon et al., 2001). The N-terminus of TorC consists of a 
membrane-attached, tetraheme c-type cytochrome domain which is a common 
feature in all members of the NapC/NirT protein family. Additionally, TorC has a C-
terminal extension, which possesses a fifth heme group that has been shown to be 
important for electron transfer to the active subunit, TorA (Gon et al., 2001). TorC 
picks electrons up from the quinone pool and transfers them to the active site of 
TorA. In the case of E. coli, menaquinol is the electron donor to TorC (Gon et at., 
2001). However, Shewanella oneidensis MR-] does not seem to use menaquinol in 
this case since TMAO respiration is not affected in a menaquinol deficient strain 
(Myers et al., 1993a). A likely candidate is probably ubiquinol for the Shewanella 
system. 
The gene product of torD is thought to be a cytoplasmic TorA specific chaperone 
and might also have a role in directing TorA to the TAT machinery (Pommier et al., 
1998, Tranier et al., 2002). The torE gene of Shewanella is predicted to be a small 
membrane protein with, as yet, unknown function (Dos Santos et al., 1998). Both tor 
operons are transcribed in the presence of TMAO or similar compounds as shown by 
lobbi-Novel et al. (1996) and are controlled by the two component system TorS/R. 
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Figure 1.21 Different bacterial DMSOITMAO respiration systems 
Tor system from E. co/i IShewanella, II. - Dor system from Rhodobacter, 
Ill.-Dms system E. co/i 
DMSO respiration is well understood in phototrophic bacteria such as Rhodobacter 
capsulatus and Rhodobacter sphaeroides and in the enteric bacterium Escherichia 
coli (McEwan et al., 1994). In Rhodobacter species a similar system for DMSO 
respiration is found to that described above for TMAO respiration (Shaw et al., 
1999) (figure 1.21). Rhodobacter capsulatus possesses a dorCDAB operon. The gene 
products of dorA, dorC and dorD show high similarities to the corresponding torA, 
torC and torD genes, for instance, DorA from Rhodobacter capsulatus is 48 % 
identical to TorA from Escherichia coli. DorB is predicted to be a small cytoplasmic 
protein with an unusual p1 of 12.6 and no function has been assigned to it so far 
(Shaw et al., 1999). 
DorC is a member of the NapC/NirT family and has, like TorC, an additional fifth 
heme group. DorC accepts electrons from ubiquinol and passes them on to the 
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periplasmic, active subunit DorA. DorA can reduce DMSO, TMAO and other N- and 
S-oxides (McEwan et al., 1994). 
DNA upstream of dorC encodes for two genes, dorR and dorS, which show high 
similarity with the torS/R genes from E. coli indicating a similar role in transcription 
control of this operon (Shaw etal., 1999). 
A non-related system for DMSO respiration is found in E. co/i. The dms operon 
encodes for a 87 kDa, molybdenum-containing, active subunit, DmsA; a 23 kDa four 
4Fe-4S cluster protein, DmsB; and a 30 kDa integral membrane protein, DmsC. 
DmsB is reduced by menaquinol (Rothery et al., 1996) and delivers electrons to the 
active subunit DmsA. This menaquinol binding site is part of DmsC, an integral 
membrane protein with 8 transmembrane spanning helices (Rothery et al., 1996, 
Weiner et al., 1993). 
The dms operon is positively regulated under anaerobic conditions by the FNR 
protein and is negatively regulated by the NarL protein in the presence of nitrate 
(Bearson etal., 2002). 
1.4.4 NO3-/NO2 respiration in bacteria 
Nitrogen is an important element in our biosphere since it is an essential part of DNA 
and proteins. It occurs in many different oxidation states ranging from +5 to -3. The 
biogeochemical nitrogen cycle is driven by the microbial processes of nitrification 
and denitrification. Atmospheric nitrogen is the most abundant nitrogen source 
followed by the oxyanion nitrate (NO 3 ). Nitrate has accumulated in groundwater due 
to extensive field fertilisation over the years. High concentrations in drinking water 
have been linked with gastric cancer caused by bacterial production of N-nitroso 
compounds in the gastrointestinal tract (Van Maanen etal., 1996). Increased nitrate 
concentrations are also an immediate danger for the eutrophication of aquatic 
systems. Microbial nitrate reduction has therefore been the focus of many research 
projects in recent years. 
Nitrate reduction occurs in three different ways: nitrate assimilation, nitrate 
respiration and nitrate dissimilation (reviewed by Moreno-Vivián etal., 1999). 
Nitrate assimilation describes the utilisation of nitrate as a nitrogen source for 
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growth. Nitrate respiration has been well studied in E. coli (Sodergren etal., 1988). 
The narGHI system is transcriptionally controlled by the FNR protein and the two 
component system NarXL (Stewart et al., 1982). It accounts for 90 % of the nitrate 
reductase activity, however the remaining 10 % is produced by a second 
constitutively expressed system, narZYW (Moreno-Vivián et al., 1999). NarG is the 
catalytically active subunit carrying a molybdenum cofactor. NarH delivers electrons 
to NarG by means of one 3Fe-4S and three 4Fe-4S clusters. The membrane-bound 
subunit, Nan, interacts with the quinol pool using two b-type cytochromes (Rothery 
et al., 200 la±b). Figure 1.22 illustrates the Nar system of E. co/i. This membrane-
bound Nar system generates a proton motive force employing a redox loop 
mechanism (Berks et al., 1995a). 
A dissimilatory nitrate reductase, the periplasmic NapA, is present in E. coli. It was 
suggested that its purpose was to disperse excessive reducing power in order to 
balance the redox state of the cell (Berks et al., 1995a). However, the NapABC 
system can be coupled to a proton-translocating dehydrogenase via the quinone pool 
and produces a weaker proton motive force. A model for this indirect energy coupled 
process was put forward for NirT, a member of the NapC/NirT family, by Jungst et 
al. (1990). Two recent publications stated that the Nap system in E. coli can support 
anaerobic growth on nitrate in the absence of the two nar operons (Potter et al., 
1999, Stewart et al., 2002). 
The nap operon found in E. coli is similar to the extensively studied operon of P. 
den itrflcans (Berks et al., 1995b, Potter et al., 1999). The napFDAGHBC operon of 
E. coil is immediately followed by 8 genes involved in c-type cytochrome maturation 
(ccmA-H). NapA, a molybdenum containing enzyme, is the catalytically active 
subunit located to the periplasm. NapB, a c-type diheme, forms a complex with 
NapA. Electrons are delivered from the quinol pool via NapC to the active NapAB 
complex. NapC possesses a membrane anchor and a penplasmic c-type tetraheme 
domain which enables it to transfer electrons to the periplasmic diheme NapB. NapD 
has a role in the maturation process of NapA. The function of the napFGH gene 
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Figure 1.22 Nitrate reductases from Escherichia coil 
The Nar system is shown in pink and the Nap system in light blue. 
The product of nitrate respiration or dissimilation is the toxic nitrite ion (NO 2 ). NO2 
can be used by many bacteria as a terminal electron acceptor in anaerobic respiration. 
Three evolutionary distinct nitrite reductases have been identified so far: the copper 
nitrite reductase from Achromobacter cycloclastes (Godden et al., 1985), the 
cytochrome cd3 nitrite reductase from Pseudomonas stutzeri (Farver et al., 2002), 
and the cytochrome c nitrite reductase from Escherichia coli, Wolinella 
succinogenes, Sulfurospirillum deleyianuin and Desulfovibrio desulfuricans 
(Bamford et al., 2002, Einsle et al., 2000, Einsle eta!, 1999, Cunha etal., 2003). 
These enzymes catalyse the six electron reduction of nitrite to ammonia but they can 
also use NO, N20 and NH20H as substrates. No intermediates are released during 
catalysis (Einsle et al., 1999). Here, the latter group of enzymes will be discussed 
since they are mainly present in close bacterial relatives of Shewanella. The crystal 
structures of these cytochrome c nitrite reductases (NrfA) show high similarity. The 
enzyme is dimeric, each subunit containing five c-type hemes. Four of these hemes 
are bis-histidine ligated and one heme has an unusual sixth lysine ligand. This lysine 
ligated heme is high spin and forms the active site of these enzymes (heme 1). Slight 
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differences are found in the crystal structure of the Desulfovibrio desulfuricans 
enzyme compared to the other three nitrite reductases. It possesses a second calcium 
site coordinated by a non —existent loop in previous structures. This second calcium 
was suggested to stabilise the highly negatively charged environment of hemes 3 and 
4 (Cunha et al., 2003). Structural differences are also found in the regions contiguous 
to the N- and C-termini which are involved in dimerisation and substrate inlet / 
product release. 
The Fe-Fe distances in the S. deleyianum enzyme are between 9 and 13 A which 
guarantees rapid intramolecular electron transport. Despite having similar active 
subunits two distinct operons are found which encode different electron delivery 
pathways as illustrated in figure 1.23. 
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Figure 1.23 NrfAH and NrfABCD nitrite reductase systems 
The c-proteobacteria W. succinogenes and S. deleyianum possess an nrJHAIJ operon 
(Simon et al., 2000, Einsle et al., 2000). The gene product of nrJH encodes for a 
membrane attached tetraheme which acts as a mediator between the quinol pool and 
NrfA, the cytochrome c nitrite reductase. The products of nrJIJ are supposedly 
involved in c-type cytochrome maturation. In y-proteobacteria like E. coli and 
Salmonella typhi nrJABCDEFG operons are present (Hussain et al., 1994, Einsle et 
al., 2000). The NrfB protein is a soluble c-type pentaheme cytochrome of 20 kDa 
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which delivers electrons from the iron-sulfur cluster protein Nrft to the catalytically 
active subunit NrfA. Nrff) is an integral membrane protein with similarities to PsrC, 
the membrane anchor and quinol interaction partner of the polysulfide reductase 
from W. succinogenes (Hussain et al., 1994). The nrJEFG gene products have been 
linked with roles in c-type cytochrome maturation. Figure 1.23 compares the two 
different systems of nitrite respiration with cytochrome c nitrite reductase present. 
Herne 2 of NrfA was suggested to interact with NrfH or NrfB. The crystal structure 
of E. coli supports this theory as it revealed a different heme 2 environment 
compared to the enzymes of W. succinogenes and S. deleyianum. 
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Chapter two: Materials and methods 
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2.1 	Bacteria related 
2.1.1 Strains 
All bacterial strains used in this work are listed in table 2.1. 
Table 2.1 Bacterial strains 
Strain - Genotype Reference 
Shewanellafrigidimarina wild type NCIMB 
NC1MB400 
NCIMB400 Rifr spontaneous rifampicin resistant lab stock 
mutant of the wild type 
EG30 1 NCIMB400 Rif, zlfcc3: :ahp Kan r Gordon, 1996 
Shewanella oneidensis MR- 1 wild type Myers et al., 
1988 
MR-iA spontaneous rifampicin resistant lab stock 
mutant of the wild type 
CMTn- 1 Transpo son mutant of MR-i A Myers et al., 
unable to use Fe(III), nitrate and 1997a 
fumarate as terminal terminal 
electron acceptors Rif, K anr 
SR536 MR- lA derivative, menB::Tn5, Saffarini 
Rif, Kan' et .al., 2002 
CS21a MR- lA harbouring pRLSK4 this work 
CS21b MR-IA harbouring pCS1 this work 
C52 1 c CMTn- 1 harbouring pRLSK4 this work 
CS21d NM- lA harbouring pCS3 this work 
CS21e CMTn-1 harbouring pCS3 this work 
CS21i MR- lA harbouring pCS5 this work 
CS21j EG301 harbouring pCS5 this work 
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thi-J thr leu tonA lacY supE 	lab stock 
recA::RP4-2 Tc::Mu Km::Tn7 Smr 
LacY] leuB6 mcrB supE44 thi-1 	lab stock 
thr-1 tonA21 F-RP4-2 (Tc::Mu) 
supE hsd85 thi A(lac-proAB) Km' 
F'[traD36proAB lacP lacZiiM]5] lab stock 
thi-] mcrB 
supE44 zMacUl69(480 lacZ AM 15) lab stock 
hsdRl7 recAl gyrA96 thi-1 rel Al 
TG  harbouring pCS4 	 this work 
TG  harbouring pCS5 	 this work 






CS2 1 f 
CS2 1 g 
CS21h 
2.1.2 Plasmids 
All plasmid used in this work are listed in table 2.2. 
Table 2.2 Plasmids 
Plasmd Description Reference 
pMMB503EH broad host expression vector, Smr Overbye etaL, 
1995 
pUC 19 cloning vector, Amp' Promega 
pGEM-T cloning vector, Amp' NEB 
pETBlue- 1 Expression vector, Amp' NovageneTM 
pRLSK4 ftcA' -' cymA insert cloned into pMMB503EH Kirkham, 2000 
PCs  pRLSK4 Smr::Kanr this work 
pCS2 pETBlue-1 withfccA' -'cymA insert this work 
pCS3 cymA gene cloned into pMMB503EH this work 
pCS4 PCR 6 product cloned into pUC 19 this work 
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pCS5 PCR 6 product cloned into pMMB503EH this work 
pDA12 cymA gene cloned into pGEM-T Atanasiu, 2000 
pEC86 helper plasmid containing ccm gene cluster Arsian et al., 
1998 
pSPEX-1 fccA gene cloned into pKK223-3, Amp' Pealing, 1994 
pCM5 1 kanamycin cassette cloned into pGEM-T Dr. C. Miles 
2.1.3 Media and growth conditions 
E. co/i strains were grown at 37 °C and Shewanella strains at 23 °C. 
2.1.3.1 	Luria-Bertani medium (LB) 
Bacto-tryptone 	10 g/l 
Bacto-yeast extract 5 g/I 
NaCl 	 5g/1 
2.1.3.2 	S.O.C. Medium 
Bacto-tryptone 5 g/l 
Bacto-yeast extract 5 g/I 
NaCl 10mM 
KCI 2.5mM 











MgSO4 7 H20 











Supplemented with electron donor and electron acceptor 
pH 	7.4 
Trace element solution: 
Na2EDTA 500 mg/I 
1431303 70mg/l 
NaC1 11.7 mg/l 
FeS047H20 30mg/I 
CoCl2 6 H20 25 mg/I 
NiC12 6 H20 25 mg/I 
NaM004 20 mg/i 
SeS2 (Se02) 5 mg/I 
ZnSO4 7 H20 10 mg/i 
CuSO4 5 H20 1 mg/l 
MnS04 4H20 10mg/I 
Amino acid solution: 
Arginine 	 20 g/l 
Glutamate 	20 g/l 
Serine 	 20g/l 
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Electron donors: 
Sodium lactate 100 mm 
Sodium acetate 100 mm 
Sodium formate 100 mm 
Sodium succinate 100 mm 
Electron acceptors: 
Fumarate 20 mM 
KNO2 250 laM 
NaNO3 20 mM 
Fe(III)-citrate 20 mM 
DMSO 20 	m 
TMAO 20 	m 
For agar plates 1.5 % agar was added. 
2.1.4 Antibiotics 
Table 2.3 Antibiotics 
Antibiotic 	- - working concentration 	-- 
Ampicilin 100 .ig/ml (made up in dH 20) 
Chioramphenicol 50 .tg!ml (made up in ethanol) 
Kanamycin 50 Vtg/ml (made up in dH 20) 
Streptomycin 50 jig/ml (made up in dH 20) 
Rifampicin 10 pig/ml (made up in methanol) 
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2.1.5 Preparation of competent cells (CaCl2-method) 
The bacterial strain was grown overnight in LB medium. The cells were subcultured 
into a fresh 5 ml aliquot of LB and grown until OD 600-M.5. After centrifugation 
(5,000 rpm, 5 minutes) the pellet was resuspended in 2 ml of ice cold 0.1 M CaC12 
solution and incubated for 40 minutes on ice. The cells were spun down as before 
and resuspended in 1 ml of ice cold 0.1 M CaCl 2 solution. The cell suspension was 
incubated for 1 hour on ice before the cells became competent. 
2.1.6 Preparation of ultracompetent cells 
The required strain was grown to an OD 600 0.6 in 200 ml of LB medium at 18 —23 
°C. The cell suspension was incubated on ice for 15 minutes before centrifugation 
(2500 x g, 15 minutes, 4°C). The cells were resuspended in an ice-cold solution 
containing 10 mM PIPES, 55 mM MnC12, 15 mM CaCl2 and 250 m KC1. After 
incubating on ice for 15 minutes the cells were spun down at 2500g for 15 minutes 
and resuspended in 20 ml of the above mentioned solution. DMSO was added to a 
final volume of 7% and the suspension of ultracompetent cells was left for another 
15 minutes on ice. 1 ml aliquots were then transferred to sterile, chilled Eppendorf 
tubes which were then snap-frozen using a dry ice/ ethanol bath. The ultracompetent 
cells were stored at —80 °C. 
2.1.7 Transformation 
1-2 .fl of ligation mix was pipetted into prechilled Eppendorf tubes and 100-200 111 
of competent cells were added. Ultracompetent- and CaC1 2-competent cells were 
incubated on ice for 10 and 45 minutes, respectively, before being heat shocked by 
placing in a 42°C water bath for 40 and 105 seconds, respectively. The cells were 
then immediately placed in an ice/water bath for 5 minutes. 0.8 ml of SOC medium 
was added to the ultracompetent cells and 0.8 ml of LB medium to the CaC1 2-
competent cells. After an incubation period of one hour at 37 °C the cells were 
centrifuged (13,000 rpm, 3 minutes) and the pellet was resuspended in 50-200 j.tl of 
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LB medium containing the appropriate antibiotics. The concentrated cell suspension 
was plated out on LB Agar plates containing the appropriate antibiotic and incubated 
overnight at 37 °C. 
2.1.8 Blue/White screening 
Blue/White screening is used to detect recombinant vectors. The use of vectors 
which carry the functional IacZa gene is required. Only cells that carry an 
undisrupted copy of the lacZcx gene will form blue colonies. Recombinant vectors 
with a disrupted copy of the lacZa gene due to an insertion will not be able to 
produce the fully functional enzyme and hence only white colonies will appear. 40 il 
of a 20 mg/ml solution of X-Gal (5-bromo-4-chloro-3-indolyl--D-galactosjde) in 
dimethyl formamide and 4 .tL of a 200 mg/ml IPTG (isopropylthio-f-D-galactoside) 
in sterile water were spread on to the surface of the agar plate prior to spreading 
cells. 
2.1.9 Bacterial Conjugation 
The transformed E. co/i strain and the Shewane/la strain were grown to an 
OD600 -0.8. 1.5 ml of each culture was centrifuged (13,000 rpm, 3 minutes) and the 
pellets resuspended in 0.2 ml of LB medium. 5 tl of E. co/i culture were mixed with 
45 jil of Shewanella culture. Negative controls were included by replacing either E. 
co/i or Shewanella cultures with dH 20.The cell mix was placed on a sterile 
nitrocellulose filter in the middle of a LB Agar plate. The LB Agar plates were 
incubated at 23 °C overnight. The next day the nitrocellulose filter was washed by 
vortexing in 1 ml of LB medium. After the filter was removed the cells were spun 
down (13,000 rpm, 3 minutes). The pellet was resuspended in 1 ml of LB medium. 1 
.t1 of this mix was added to 49 il of LB medium and spread out on a LB Agar plate 
containing the appropriate antibiotic. 
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2.2 DNA related 
2.2.1 Plasmid DNA purification 
2.2.1.1 Small scale plasmid DNA preparation 
Plasmid DNA from 5 ml cultures was purified by using the QlAprep Spin miniprep 
kit (QIAGEN) as per the manufacturer's instructions. 
2.2.1.2 Large scale plasmid DNA preparation 
The E. coli strain containing the plasmid was grown overnight in 50 ml of LB 
medium containing the appropriate antibiotics. The cells were harvested by 
centrifuging for 10 minutes at 27,000 x g and the pellet was gently resuspended in 2 
ml of solution A. The suspension was slowly mixed by inversion before being 
incubated on ice for 15-30 minutes. 4 ml of solution B was then added and was 
mixed by inversion. After an additional 5 minutes incubation on ice 3 ml of solution 
C was added, followed by a 20 minute incubation on ice. The cell debris was 
separated by centrifuging for 10 min at 12,000 x g. The supernatant was transferred 
to a clean tube and 16 ml of ethanol was added. The solution was thoroughly mixed 
by repeated inversion before a further incubation on ice to precipitate the nucleic 
acids. The precipitated material was spun down (12,000 x g, 10 minutes) and 
resuspended in 4 ml of solution D. The solution was then subjected to repeated 
phenol/chloroform extractions until no further proteinaceous precipitate was visible 
at the solvent interface. The cleaned aqueous phase was then ethanol/acetate 
precipitated by incubation on ice. After centrifugation (12,000 x g, 10 minutes) the 
pellet was resuspended in 0.4 ml of solution E. In order to degrade the RNA 20 il 
boiled RNaseA was added and the solution was incubated at 37 °C for 1 hour. 20 p.1 
of solution F was added and the aqueous solution was repeatedly extracted with 
phenol/chloroform. For the final extraction step an equal volume of chloroform was 
added to the aqueous phase. The plasmid DNA was precipitated with 0.8 ml ethanol 
and left on ice for 15 minutes. The pellet was washed with 75% ethanol and then 
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gently dried and resuspended in 0.2-0.4 ml sterile water. The DNA purity and yield 
was established by agarose gel electrophoresis 
Solution A: 25 mM Tris pH 8.0, 10 mM EDTA, 50 mM glucose, 10 mg/ml lysozyme 
Solution B: 0.2 M NaOH, 1% SDS 
Solution C: 3 M sodium acetate pH 5.2 
Solution D: 0.1 M sodium acetate pH 5.2, 1 mM EDTA, 0.1% SDS, 40 mM Tris pH 
8.0 
Solution E:. 10 mM Tris pH 8. 0, 1 m EDTA 
Solution F: 4 M NaC1 
2.2.2 DNA restriction digests 
Single and double digests were carried out according to the manufacturer's 
instructions. Approximately 0.1-0.3 p.g DNA was used in a total volume of 15 Pl. 
The incubation time was usually between 2 and 3 hours. 
2.2.3 Agarose gel-electrophoresis 
0.8 % agarose gels were run in a BRL horizontal gel apparatus. The agarose was 
made up in lx TAE buffer (40 mM Tris-acetate, 1 mM EDTA pH 8.0) and ethidium 
bromide was added to a final concentration of 0.5 j.ig/ml. The running buffer was lx 
TAE buffer and a current of 40 mA was normally applied. After electrophoresis the 
DNA was visualised by medium wave UV illumination on a transilluminator. 
2.2.4 Recovery of DNA from agarose gels 
DNA bands were cut out of preparative agarose gels and the DNA was extracted by 
using the Geneclean III Kit (Bio 101, Inc.) as per the manufacturer's instructions. 
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2.2.5 DNA precipitation 
Ethanol precipitation was carried out by adding 0.1 volume of 3 M sodium acetate 
(pH 5.2) and 2.5 volumes of ice-cold absolute ethanol to the plasmid DNA. The mix 
was incubated at —20 °C for at least 15 minutes and then centrifuged at 16,000 x g for 
10 minutes. The supernatant was carefully decanted and discarded, the remaining 
pellet was washed in an appropriate volume of ice-cold 70% ethanol to remove 
excess salt. The pellet was gently dried and resuspended in sterile water. 
2.2.6 Ligation of DNA fragments 
Ligations were set up to cover a range of different insert to vector ratios although the 
general guideline recommends a 3 fold molar excess of insert to vector DNA. 3 units 
of T4 DNA ligase were used per reaction with lx ligation buffer. Additionally 0.1 
mM of hexamminecobalt chloride was added along with the appropriate volume of 
sterile distilled water to make up a final volume of 10 p.!. The reaction mix was 
incubated either at room temperature for 4 hours or overnight at 16 °C. 
2.2.7 Polymerase Chain Reaction (PCR) 
2.2.7.1 	CymA 0 1 construct 
To facilitate biochemical characterisation a soluble form of CymA (CymA 01 ) was 
constructed using a PCR approach (figure 3.3). The hydrophobic N-terminus of 
CymA was replaced with the signal sequence of the penpiasmic Fcc 3 including the 
first three amino acids of mature enzyme (ADN) to ensure cleavage of the signal 
sequence. 
PCR reactions were carried out in 0.5 ml tubes using a Techne PHC-2 thermocycler 
The primers designed for this work were synthesised by Perkin-Elmer (table 2.4). 
Table 2.4 sums up the reagents used and their concentrations. 
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Table 2.4 PCR set-up for CymA 01 
For PCR 3 no plasmid DNA was used but isolated DNA fragments of PCR 1 and 2. 
Reagents 
I .tL undiluted plasmid DNA 
pSPEX-1 (PCR1), pDA12 (PCR2) 
1 .tL of each primer (30 pmol) 
5 .tL of lOx reaction buffer 
3 iL 2 mM MgC12 
2 j.iL 5 mlvi dNTPs 
2 p.L 100 m NaCl 
0.5 .tL Taq polymerase (Promega) 
Made up to 50 l.LL with dH 20 
Overlaid with 50 .tL of mineral oil 
Table 2.5 PCR programmes for CymA 501 
PCRJ 	 PCR2 	 PCR3 
Primers 1&2 	Primers 3&4 	Primers 1&4 
Denaturing step 94 °C 20 sec 94 °C 20 sec 94 °C 20 sec 
Annealing step 55 °C 30 sec 54 °C 30 sec 54 °C 30 sec 
Extension step 68 °C 45 sec 68 °C 30 sec 68 °C 75 sec 
Table 2.5 describes the indivdual PCR programmes. A 3 minute denaturing period at 
94 °C preceded each programme. The programmes had 35 cycles and were followed 
by a 5 minute period at 68 °C. 
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Table 2.6 Primers for the generation of CymA 501 
Primer 	Sequence 5'to 3' 
1 
	
CTG ACT GGG TTG AAG GCT CTC AAG G 
2 
	
CTT GTC GCA TGT AAA GTG TTA TCA GCC GCA ACA GC 
3 
	
GCT GTT GCG GCT GAT AAC ACT TTA CAT GCG ACA AG 
4 
	
CAC GGA ICC CIT ATC CTT TTG GAT AGG 
2.2.7.2 	Fcc3-CymASO L fusion construct 
A Fcc3-CymAs 0i fusion protein was constructed counting on the fact that Fcc 3 from 
Shewanella frigidimarina NCIIMB400 crystallises well. The CymA 0i construct 
(without the Fcc3 signal sequence) was fused to the C-terminus of Fcc 3 from 
Shewanellafrigidimarina NCIMB400. The idea was to use Fcc 3 as a' scaffold'  for 
the crystallisation of CymA 0i (figure 3.13). 
PCR reactions were carried out in 0.5 ml tubes using a Techne PHC-2 thermocycler. 
The primers designed for this work were synthesised by MWG (table 2.6). Table 2.7 
summarises the reagents used and their concentrations. 
Table 2.7 PCR set-up for Fcc 3 -CymA 01 fusion construct 
Reagents 
1 j.iL undiluted plasmid DNA 
pSPEX-1 (PCR4), pDAI2 (PCR5) 
1 j.xL of each primer (25 pmol) 
5 tL of lOx reaction buffer 
2 iL 5 mM dNTPs 
I tL Pfu polymerase (Stratagene) 
Made up to 50 tL with dH 20 
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For PCR 6 the purified products of PCR 4 and 5 were used as template. 
Table 2.8 describes the individual PCR programmes. A 2 minute denaturing period at 
94 °C preceded each programme. The programmes had 30 cycles and were followed 
by a 10 minute period at 72 °C. 
Table 2.8 PCR programmes for Fcc 3-CymA501  fusion construct 
- PCR4 	 PCR5 	 PCR6 
Primers 5&6 	Primers 4&7 	Primers 4&5 
Denaturing step 94 °C 30 sec 	94 °C 30 sec 	94 °C 30 sec 
Annealing step 54 °C 30 sec 	47 °C 30 sec 	49.8 °C 30 sec 
Extension step 72 °C 1 min 	72 °C 2 min 	72 °C 2.5 mm 
Table 2.9 Primers for Fcc3-CymA 01 fusion construct 
Primer Sequence 5' to 3' 
5 CGG GAA TTC ATG AAA AAG ATG AAT CTT GCA G 
6 TGC AGT TTC TTT ACG TGC AAT TTT ACT ACC GTT CTT 
TTT AGA ATA TTT TGC 
7 GCA CGT AAA GAA ACT GCA GAT GAT GAC GAC AAA 
ACT TTA CAT GCG ACA AGT AC 
4 CAC GGA TCC CTT ATC CTT TTG GAT AGG 
2.2.8 Automated DNA-Sequencing 
Samples for automated sequencing contained the following (half reaction): 
Dye Mix* 	4.0 p.1 
Primer 	0.8 p.! (table 2.9) —3.2 pmol 
dsDNA 	3.0p.1 
dH20 	2.2 p.1 
*jJ PRISM dRhodamine Terminator Cycle Sequencing Ready Reaction Kit 
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Table 2.10 Sequencing primers 
Primer 	 Sequence 5' to 3' 





CGG CTC GTA TAA TGT GTG G 
CAC CTC ACG ATA CTG T 
TTA TGA TAA TGC AGT GA 
ACC CAA CAC TAT CTG TT 
GGT GCT GGT CAG GTT ACT GG 
The following cycle sequences were carried out by a programmable Thermocycler: 
25x 	1. denaturing 96 °C 30 seconds 
annealing 50 °C 15 seconds 
extension 60 °C 4 minutes 
The DNA was then precipitated by adding 2 tl of 3 M sodium acetate (pH 5.2) and 
50 .tl of ethanol, mixed gently and incubated at —20 °C for 1 hour. After 
centrifugation the pellet was washed with 70% ethanol and then dried. Samples were 
separated on an AB1377 instrument according to the manufacturer's instructions 
(ICMB sequencing service). 
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2.3 Protein related 
2.3.1 Protein purification 
2.3.1.1 	Column chromatography 
Penplasmic extracts were loaded directly onto a weak anion exchanger (DE52, 
Whatman, column dimensions: 30 cm x 5 cm) and separation of proteins was 
achieved by applying a linear NaC1 gradient. 
CymA 01 purification 
DE52 resin equilibrated prior to loading with 50 mM TrisHCI pH 8.0 
Fraction containing CymA501 was eluted with 100 mM NaC1 in 50 mM TrisHCl pH 
8.0 
Fcc3/CymA 01 fusion protein purification 
Prior to loading the DE52 resin was equilibrated with 10 mM TrisHCl pH 8.0 
Fraction containing fusion protein was eluted with 220 mM NaCl in 10 mM TrisHCl 
pH 8.0 
Fcc3 purification 
DE52 resin was equilibrated prior to loading with 50 mM TrisHCl pH 8.0 
Fraction containing Fcc3 was eluted with 100 mM NaCI in 50 mM TrisHCl pH 8.0 
The final purification step for the Fcc 3/CymA 01 fusion protein was a hydroxyapatite 
(Biorad) column (10 cm x 2 cm), previously equilibrated with 10 mM potassium 
phosphate buffer (pH 7.5). After the protein solution was loaded onto the column 
most of the impurities were washed off with 50 nilvl potassium phosphate (pH 7.5). 
The fusion protein eluted at a potassium phosphate concentration of 100 mM. 
Protein solutions were dialysed after each purification step into the next running 
buffer. 
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2.3.1.2 	Fast Performance Liquid Chromatography (FPLC) 
A Q-Sepharose column (Pharmacia Biotech), connected to the AKTA FPLC System, 
was used to purify native CymA, CyniA 0i, the Fcc3/CymA 0 1 fusion protein and Fcc3 
from S. oneidensis MR-i by running a linear NaCl gradient. 
• CymA purification 
Q-Sepharose column was equilibrated with 20 mM TrisHCl pH 8.0 and 1 % sodium 
cho late 
CymA elution peaked at 400 mM NaCl 
flow rate of 1 ml/min. 
CymA 01 purification 
Q-Sepharose column was equilibrated with 10 mM TrisHCI pH 8.0 
CymA50i eluted over a range of salt concentrations 
flow rate of 3 ml/min 
• Fusion protein purification 
Q-Sepharose column was equilibrated with 20 mM TrisHCl pH 9.0 
Fcc 3/CymA 01 fusion protein eluted at 350 mM KC1 
flow rate of 3 ml/min 
Fcc3 purification 
Q-Sepharose column was equilibrated with 10 m TrisHCl pH 8.0 
Fcc3 eluted at 250 mM NaCl 
flow rate of 3 ml/min  
Size exclusion chromatography with a Superdex 200 column (Pharmacia, Biotech) at 
a flow rate of 2 ml/min was used to purify Fcc 3  and the fusion protein. The column 
was equilibrated prior to use with 1.5 column volumes of running buffer, 10 mM 
TrisHCl pH 8.0. 
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Size exclusion chromatography with a Superdex 75 column (Pharmacia, Biotech) at 
a flow rate of 2 ml/min was used to purify CymA and CymA 0 . The column was 
equilibrated prior to use with 1.5 column volumes of running buffer, 10 mM TrisHCl 
pH 8.0. The running buffer was supplemented with 1% sodium cholate in the case of 
native CyniA. 
2.3.2 Periplasmic extraction 
Cell pellets were washed with 10 mM TrisHCl buffer (pH 8.0) containing 100 MM 
NaCl, they were resuspended in 10 mM TrisHCl buffer (pH 8.0) containing 500 mM 
sucrose, to give a cell concentration of 5-10 g per 100 ml and were incubated at room 
temperature for 15 minutes. Lysozyme was added to give a final concentration of 3 
mg/mi cell suspension and an incubation of 15 minutes at room temperature 
followed. An osmotic shock was delivered by adding an equal volume of dH20. 
EDTA was then added to a final concentration of 1 mM. The formation of 
spheroplasts was followed under a light microscope. After an incubation period of 15 
minutes at room temperature spheropiast formation was almost complete. 
Magnesium sulfate was added to a final concentration of 10 mM and the suspension 
was centrifuged at 20,000 x g for 15 minutes. 
2.3.3 SDS-PAGE 
The Mini-PROTEAN 3 cell (Biorad) was used for the sodium dodecyl sulfate 
poiyacryiamide gel electrophoresis. The acrylamide concentration of the resolving 
gel was adjusted depending on the size of the protein of interest. Stacking gels 
routinely contained 5% of acrylamide. The recipe used for gels is summarised in 
table 2.11. 
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Table 2.11 SDS-PAGE set up 
Solution components 15% resolving gel 
(10 ml) 
8% resolving gel 
(10 ml) 
5% stacking gel 
(4 ml) 
H20 3.45 ml 5.2 ml 2.83 ml 
40% Acrylamide, 3.75 ml 2.0 ml 0.5 ml 
crosslinker ratio 19:1 
buffer 2.5 ml of 1.5 M Tris 2.5 ml of 1.5 M 0.5 ml of I M 
pH 8.8 Tris pH 8.8 Iris pH 6.8 
10% SIDS 0.1 ml 0.1 ml 0.04 ml 
200mM EDTA 0.1 ml 0.1 ml 0.04 ml 
10% Ammonium- 0.1 ml 0.1 ml 0.04 ml 
persulphate 
TEMED 0.005 ml 0.005 ml 0.005 ml 
The gel was run at 200 V for 60 minutes. The running buffer contained 25 mM Tris, 
192 mM glycine and 0.1% SDS (pH 8.3). Samples were mixed with SDS-PAGE 
loading buffer (50 mM Iris-HC1 pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol 
blue and 10% glycerol) but samples were not boiled since this was found to effect 
the heme staining. SDS-PAGE loading buffer (x 1) contains. The molecular weight of 
proteins was estimated by comparison with a New England Biolabs prestained broad 
range marker (7708S). 
2.3.4 Coomassie staining 
The gels were stained in a solution of 0.25% (w/v) Coomassie Brilliant Blue, 45% 
(v/v) methanol, 45% (v/v) dH20 and 10% (v/v) glacial acetic acid for up to 60 
minutes. For the destain solution the dye was omitted. 
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2.3.5 Silver staining 
Silver staining is a sensitive detection method for proteins (Switzer et al., 1979) and 
it also detects small c-type cytochrome which in some cases remain unnoticed when 
stained with Coomassie Brilliant Blue. SDS-PAGE gels were fixed in a solution of 
60% (v/v) water, 30% (v/v) ethanol and 10% (vlv) glacial acetic acid for 4-12 hours. 
The gels were incubated twice for 30 minutes in a 30% (v/v) ethanol solution and 
then washed three times for 10 minutes in water. A 0.1% (w/v) AgNO 3 solution was 
used to stain the gels for 30 minutes. The gels were washed with water and 
transferred to a solution of 2.5% (w/v) Na2CO 3 and 0.02% (v/v) formaldehyde. After 
protein bands appeared the reaction was stopped by washing the gels with 1% (vlv) 
glacial acetic acid. 
2.3.6 Herne staining 
A special staining method (Thomas et al., 1976, Goodhew et al., 1986) was used to 
detect c-type cytochromes. Following SDS-PAGE, the gel was equilibrated for 5 
minutes in a solution containing 30% methanol and 0.25 M sodium acetate (pH 5.2). 
The gel was then transferred to the same solution supplemented with 400 pg/ml of 
3,3'-5,5-tetramethylbenzidine were supplemented. After incubating the gels for 15 
minutes in the dark 1 ml of hydrogen peroxide was added. Once sufficient colour had 
developed the gel was fixed in a 30% isopropanol and 0.25 M sodium acetate (pH 
5.2) solution. 
2.3.7 Western blotting 
Proteins were separated on a NuPAGE®  Bis-Tris electrophoresis system 
(Invitrogen) using a gradient gel ranging from 4 to 12% in acrylamide 
concentration. Proteins were transferred to a nitrocellulose membrane by 
electroblotting for 90 minutes at 30 V in transfer buffer. Transfer buffer consisted of 
500 mM Bicine, 500 mM Bis-Tris, 20.5 mM EDTA and 1 mM chlorobutanol (pH 
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7.2). Membranes were Coomassie stained and the protein band of interest was cut 
out for N-terminal sequencing. 
2.3.8 N-terminal sequencing 
Immobilised protein samples were solubilised for the Edman degradation and 
degradation products were analysed on an Applied Biosystems Procise 4HT 
microsequencer using the method of Hayes et al. (1989) (ICMB sequencing service 
by Dr. A. Cronshaw). 
2.3.9 LC-MS 
Samples were dialysed against and diluted with a 1:1 mixture of methanol:water + 
0.1% formic acid. A Phenomix® C 1 8 - Luna column was used to desalt the sample 
completely. Proteins were eluted with an acetonitrile gradient (5%-95% in water). A 
UV-detector and a mass spectrometer were used in series to monitor the eluted 
proteins. The Micromass® platform II Mass Spectrometer was controlled by the 
software Masslynx V 3.5. The instrument was operated using the electrospray 
positive ionisation mode (cone voltage 60 V). 
2.3.10 Redox titrations 
2.3.10.1 	Chemical redox titrations 
Redox titrations were conducted within a Belle Technology glovebox at 25 ±2 °C 
and [02] of 1.5 ± 0.5 ppm. A 15 tM flavocytochrome c3 solution was made up in 0.1 
M phosphate buffer (pH 7.0). The soluble mediators are listed in table 2.12. The 
solution was titrated electrochemically according to the method of Dutton (1978) 
using sodium dithionite as a reductant and potassium fenicyanide as an oxidant. 
After each reductive/oxidative addition, 10-15 minutes of equilibration time was 
allowed. Spectra were recorded on a Shimadzu 1201 UV/Vis spectrophotometer 
contained within the anaerobic environment. The electrochemical potential of the 
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sample solutions was monitored using a CD740 meter (WPA) coupled to a 
Pt/calomel electrode (Russell pH Ltd.) at 25 ± 2 °C. The electrode was calibrated 
using the Fe(III)/Fe(II)-EDTA couple as a standard (108 mV versus the standard 
hydrogen electrode), and all values are reported versus the SHE (Turner et al., 1999). 
Table 2.12 Mediators for redox titrations 
Mediator 	 redox potential [mV] concentration [AM] 
Phenazinemethosul fate 	 +80 	 1 
Pyocyanine 	 -30 	 1 
2-Hydroxy- 1 ,4-Naphtoquinone 	-140 	 10 
Riboflavin-5'-Phosphate Sodium Salt -200 	 1 
Benzylviologen 	 -330 	 0.5 
Methylviologen -440 	 2 
2.3.10.2 Optically transparent thin layer electrochemical (OTTLE) 
potentiometry 
Spectroelectrochemical analysis of CyniA and CyniA 01 was conducted in an OTTLE 
cell constructed from a modified quartz EPR cell with a 0.3 mm path length, 
containing a Pt/Rh (95/5) gauze working electrode (wire diameter 0.06 mm, mesh 
size 1024 cm 1 , Engelhardt, UK), a platinum wire counter electrode and a Ag/AgC1 
reference electrode (model MF2052, Bioanalytical Systems, IN 47906, USA). 
Enzyme samples (0.5 ml, 25 AM) were dialysed into 0.1 M Tris pH 7.0, 0.5 M KCI, 
10 % glycerol and detergent if necessary. The samples were incubated in an 
anaerobic glove-box for 24 hours prior to the experiment. The following mediators: 
2-hydroxy-1,4-napthoquinone (20 AM), FMN (10 AM), pyocyanine (20 AM), benzyl 
viologen (20 AM) and methyl viologen (15 AM) were then added. 
Spectroelectrochemical titrations were performed at 25 ± 2 °C using an Autolab 
PGSTAT1O potentiostat and a Cary 50 UV/Vis spectrophotometer. The potential of 
the working electrode was decreased in 30 mV steps until the enzyme was fully 
reduced and increased step-wise until reoxidation was complete. After each step the 
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current and UV/Vis absorption spectrum was monitored until no further change 
occurred. This equilibration process typically lasted 15 minutes. Absorbance changes 
were plotted against the potential of the working electrode and analysed using the 
Nernst equation. The Ag/AgC1 reference electrode employed in the OTTLE cell was 
calibrated against indigotrisulfonic acid (E m=-99 mV vs. SHE) and FMN (Em=-220 
mV vs. SHE) in the same buffer conditions. All electrode potentials were corrected 
accordingly by ±205 ± 2 mV relative to the standard hydrogen electrode 
2.3.11 Fumarate activity assays 
The steady-state kinetics of fumarate reduction over a range of pH values were 
determined using an adaptation of the technique described by Thorneley (1974). All 
experiments were carried out with a Shimadzu UV-PC 1201 spectrophotometer 
contained in a Belle Technology glovebox at 25 ± 2 °C and [02] of 1.5 ± 0.5 ppm. 
The fiimarate-dependent reoxidation of reduced methyl viologen was monitored at 
600 rim. The assay buffer contained 0.5 M NaCl, 0.05 M Tris, and 0.2 mM methyl 
viologen (Aldrich) and was adjusted to the required pH using HCI (pH range of 7-9). 
The methyl viologen was reduced by addition of sodium dithionite until an 
absorbance reading of 1.5 was obtained. Fumarate was added to give a range of 
concentrations (0-2000 .tM), and the reaction was initiated by addition of the enzyme 
to a concentration of 1.76 nM (81% FAD). Assays at pH values below 7 or above 8.5 
were prepared with standard buffer systems: MES/NaOH (pH 5.4-6.8), CHES/NaOH 
[2-(N-cyclohexylamino)-1-propanesulfonic acid, pH 8.6-10], and CAPSINaOH (3-
cyclohexyl-1-propane-sulfonic acid, pH 9.7-11.1) (Turner et al., 1999). The errors 
denoted in the text are derived from the software (Microcal, Origin) which fits the 
raw data to the Michaelis-Menten equation. Systematic errors were minimised by 
using substrate concentrations in a randomised order. 
2.3.12 CymA/Fcc3 assays 
The fumarate-dependent reoxidation of reduced CymA 0 1 was monitored at 552 nm 
All experiments were carried out with a Shimadzu UV-PC 1201 spectrophotometer 
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contained in a Belle Technology glovebox at 25±2 °C and [02] of 1.5±0.5 ppm. The 
assay buffer contained 0.5 M NaC1 and 50 mM Tris (pH 7.2). CymA 0i was added to 
give a range of concentrations (0-40 p.M) and fumarate was present at a 
concentration of 5 mM. CymA 01 was reduced completely by addition of sodium 
dithionite and the reaction was initiated by addition of the enzyme (Fcc 3 ) to a 
concentration of 1.76 nM (81% FAD). Systematic errors were minimised by using 
substrate concentrations (CymA 0 ) in a randomised order. 
2.3.13 Determination of FAD content 
50 j.tl of protein solution and imi of 50 mM Tris pH 8.0 were mixed well before 150 
.il of 50% trichioro acetic acid was added. All protein precipitated and the soluble 
cofactor stayed in solution. The pellet was spun down and the supernatant decanted 
off and neutralised with solid sodium carbonate. The absorbance was read at 450 M. 
The concentration of FAD was calculated using an extinction coefficient of 11,000 
M' cm 1 . Protein and FAD concentration were inserted in equation 2.1 to give the 
relative content of FAD. 
% FAD = [FAD]/[Protein] x 100 
Equation 2.1 FAD content 
Protein concentrations were determined using the Bio-Rad protein assay kit 
(catalogue number 600-0005). 
2.3.14 Determination of heme content and extinction coefficients 
250 gL of pure hemoprotein solution was mixed with 250 .tL of a 3:1 mixture (vlv) 
of 0.2 M NaOH solution and pyridine and solid sodium dithionite was added to 
reduce the complex. The alkaline pyridine ferrohemocytochrome spectrum showed a 
slight red shift in the 552 nm region compared to the hemoprotein reduced spectrum. 
For c-type cytochromes a ferrohemocytochrome extinction coefficient at 550 ± I nm 
of 31,180 M' cm -1 has been reported (Bartsch et.al., 1971). With a known heme 
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concentration it was possible to calculate all other extinction coefficients per heme 
using the Beer-Lambert law. 
2.3.15 Fe 2+  quantification - Ferrozine assays 
Time point samples of the anaerobic growth experiments were taken in the anaerobic 
chamber to avoid oxygen getting into the flasks. Samples were filter sterilised and 
diluted to a concentration of 2 - 20 l.LM Fe 2 . 100 .il of diluted sample was mixed 
with 900 g.tl of 10 mM ferrozine and 50 mM HEPES pH 7.5 (1 minute incubation 
time). Fe 2+  forms a complex with the bidentate ligand ferrozine (3-(2-pyridyl)-5,6-
bis(4-phenylsulfonic acid)- 1 ,2,4-triazine). A recently reported extinction coefficient 
at 562 nm of 27,900 M cm' was used to calculate the concentrations (Umback et 
al., 2002). Assays were carried out in duplicates. 
2.3.16 NO2 quantification - Griess assays 
NO2 was quantified by the means of the colorimetric Griess assay. The tests were 
carried out in triplicates as per the manufacturer's instructions (World Precision 
Instruments Technical Manual: Iso-NO; www.wpiinc.com ). The formation of a 
stable azo compound was monitored at 540 nm. 
2.3.17 Fumarate quantification 
Fumarate concentrations were calculated from the absorbance difference at 270 
minus 290 rim using a Ac of 0.45 mM cm- ' (Biel etal., 2002). Samples were 
filtered prior to measurements (0.2 pm). Due to the nature of the experiment only 
one measurement was taken. 
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2.3.18 Enterokinase digests 
Enterokinase (light chain) is a specific protease that cleaves after lysine at its 
cleavage site, DDDDK. The enzyme and the fusion protein are incubated for 16 
hours at 23 °C. The enzyme/fusion protein ratio ranges between 0.0006 % and 0.5 % 
(w/w). 
2.3.19 Crystallisation screens 
Crystallisation screens were carried out using the hanging drop vapour diffusion 
method in Linbro trays at 40  C and 20° C. Hanging drops of 4 pJ were prepared by 
adding 2 .t1 of protein (of varying concentration) to 2 j.il of well solution. The 
Hampton Research Crystal Screen I and MembFac screens were used, and further 
trials were conducted based upon the results of these. In addition, general screens 
involving varying pH and precipitant (PEGs, ammonium sulfate) were carried out. 
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Chapter three: Characterisation of CymA, 
a membrane-bound c-type cytochrome 
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3. 	Characterisation of CymA, a membrane bound c-type cytochrome 
The publication of the genome sequence of Shewanella oneidensis MR-i has allowed 
the identification of 39 reading frames encoding c-type cytochromes (www.tigr.org ) 
(Heidelberg et al., 2002). Several of these are readily identified as homologues of 
well characterised c-type cytochromes from other species, such as: cytochrome Cl; a 
pentaheme nitrite reductase (NrfA); an oxidase of the cytochrome cbb3 family; and 
CymA, a member of the NapC/NirT family. CymA is a membrane bound c-type 
cytochrome with a calculated molecular weight of 20.8 kDa (Myers etal., 1997a). It 
contains four low-spin hemes each with bis-histidine axial ligation (Field etal., 
2000). Figure 3.1 shows an amino acid sequence alignment of different members of 
this protein family. A high of degree of identity is found around the heme-binding 
motifs (CxxCH). CymA possesses about 25-30% identity to other members of its 
family as summarised in table 3.1. Some members of this family have a C-terminal 
extension, which hosts an additional fifth heme group, e.g. TorC, a pentaheme 
cytochrome c involved in TMAO respiration in Shewanella and E. coli (figure 3.1) 
(Dos Santos etal., 1998, Gon etal., 2001). 
Table 3.1 Amino acid sequence comparisons of members of the NapCINirT family 
MR-1 - She wane/Ia oneidensis MR-1, Pp - Paracoccus pantotrophus, Ps - Pseudomonas 
stutzeri, Rc - Rhodobacter capsulatus, Ec - Escherchia co/i 
(ClustaiW software, www.ebi.ac.uk ) 
Identity CymA NapC NirT DorC TorC TorC 
(similarity)[%] MR-i Pp Ps Rc Ec MR-i 
CymA MR-i 100 28 28 25 29 31 
(100) (46) (46) (39) (42) (48) 
NapCPp 28 100 58 35 43 52 
(46) (100) (73) (49) (60) (66) 
NirTPs 28 58 100 35 44 54 
(46) (73) (100) (45) (62) (70) 
DorCRc 25 35 35 100 27 24 
(39) (49) (45) (iOO) (39) (34) 
TorC Ec 29 43 44 27 iOO 38 
(42) 1 (60) 	1 (62) (39) 1 (100) 1 (59) 
TorCMR-1 31 52 1 (66 ) 	 1 54 24 38 100 (48) (70) (34) (59) (100) 
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cymA!.- 1 	 - MNWRA F F?SAXYS  LA LVV I IVVGYFAT QT A-1 DA 44 
napc_Pp MGWIRASIRWIWGRVTWFWRV S OtSSFLS GF TLG FVIFWGGF TA I EK 60 
flirT_Ps 	MTDKDGNKQQKGG ---- ILAi_ R STRYS GO LIV I AIVFWGOF TA A ET 56 
dorC_Rc ---------------------R STRWG GT VLG 
A j11FWGGF
ALGWNGF YA 	TK 39 
torC_Ec 	--------------XLWNA R SARWS LP VAI I IALIVLP VG V TE 46 
torC_-1 -----------------LWRT N TKALT GA SIS F 	TA 	EA 43 
Heine I 	 Heine II 
cyznA_MR-1 	H 	NHS-LENEVLA A GO KAT QQ 	HGPVDY IKKIIVS DLYGFLT 103 
napCPp '1 !DNVYQELMP V FS RR SP' LTDK AXMQAS EVWG-KI 119 nirT_Ps 	 MGDNVYPEYKE I YA RR TP' 	THK VRKVHAS ELWG-KI 115 dorCRc MQGQLRRIQDQ S YV PR EA WRA TGPSAGR RSVG-EI 98 torC_Ec 	 MQP-VYEEYKQ V FQ ASR EH 	PGM KR1LEAS DIYQTFI 105 
torCMR-1 MESKPYQELQE V WS HR TP' SRK AR124EAS DVWG-WL 102 
Heme III 
cymAMR-1 IDG QAW DENRXEQ D ALAYFRG AN HFIYEN PE-T KPZ.VRrNN 162 
napCPp 	POT REK LEKRLEL K EWARLKA LE NAVX FT-KQTRRPQIHERY 177 
nirTPs VGT AEK EAXRLTL R EWA1MRA 	NLESM SD-MQKQRR1cQHEMA 173 
dorC_Rc 	TGK PDK RGAPARN R RLGRHEG VG SSNTMSM LRPSNQPDAMQ!.!QA 158 
torCEc ARS PEK EAKRAEL E EWARMKE AT 	-YDAN HA-KQHPARQMKVA 163 
torC_MR-1 FN'r PEK EAKRLEM S EW1RFDR 	NN-YNSM WE-SMSPLQKQZ.RA 160 
Henke IV 
cymA_-1 FKKDPETRX D 	AH ---- PY G-------------------------------187 
napC_Pp 	LISG --- EK D A}I----QL NTGIEPGWLEPPE ------------------- 211 
flirT_Ps RED ---- NL 	I 	e AH----HL G------------------------------- 194 
dorC_Rc 	MKD ---- GG Pe. :1 - RAPICLDM GLQEALRGICRPKPGSCGRRRATRSIRCRRVR 214 
torC_Ec AKD ---- NQ 	S AH ---- QL MSSGFRxQPDELR---ASSG1LysIDIK 212 
torC_MR-1 AEI-- - -DQ e AH ---- HL MGTARAPELIAZVGAGVSSLETNQTyySTK 212 
cymA_Z-1 
napC_Pp 	-LRGEEQAWLGGGAEAVHRYLATVETR --------------------------------- 237 
nirT_Pa -MTEEDED----------------------------------------------------201 
dorC_c 	AL8GRTERRREGOGQGDRGDADGGRGGLGQCAOQAGRL AGR 	ALCRAGRRIFNVA 274 
torC_Ec PIYWGDKEASGSLLPASEVKLKRDGDWLQIEITGWTESAGRQRVLTQFPGYJ(I1AS 272 




dorC_Rc 	LAPTAVAAVVPGTRIDRSRQPDTDQVWTDGTLTVWVXNADLTDSLDKWSYAG WS 334 
torC_Ec IRG --- DVQQQVKTLEKTTVADTNTEWSKLQATAWCGDM 	 SL DIKPIWAYADYNGT 329 





dorC_Rc GTVLPHTSHFLANHWIGTLNAMKPKAPLNEEQFRLVQKYVQMJjApIMESR ------ 388 
torC_Ec 	 389 
torC_!- 1 SVTQPDEAHFDANTWPGMPQGNLAFVaQDTQALVQKYLQEHSSTFVjQH------386 
Figure 3.1 Amino acid sequence alignment of members of the NapC/NirT family 
for abbreviations see table 3.1; black - identical, mid-grey - conserved, light-grey - semi- 
conserved (ClustaIW) 
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CymA possesses the common structural features of the NapC/NirT family which are 
an N-terminal transmembrane a-helical anchor and a globular tetra-heme 
periplasmic domain. Web-based structure prediction software shows one N-terminal 
transmembrane segment between amino acids 10 and 30 (see figure 3.2). 
'DAS' TM-segement prediction 
a' 
'.11 
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Query sequence 
loose cutoff - - - - 
strict cutoff 
Figure 3.2 Hydrophobicity plot of CymA 
N-terminal membrane anchor predicted by DAS software (Prediction of transmembrane 
regions in prokaryotes using the Dense Alignment Surface method (Stockholm University)); 
www.expasy.org 
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Simon et al. (2000) have demonstrated in liposomal membrane experiments that 
Nrf}i, a member of the NapC/NirT family, mediates electron transfer between 2,3-
dimethyl-1,4-naphthoquinol and NrfA, the periplasmic nitrite reductase from 
Wolinella succinogenes. The cymA-knockout experiments of Myers and Myers 
(1997a) provided evidence that CymA is essential in the reduction of nitrate, 
iron(III), manganese(TV) and fumarate but not for the reduction of TMAO, indicating 
that CymA plays a key role in delivering electrons from the quinone pool to a 
number of terminal reductases. 
3.1 	Design of CymA 01 , a soluble form of CymA 
Since the soluble fumarate reductase of Shewanella (Fcc3 ) lacks a membrane 
anchoring subunit and CymA is essential for fumarate respiration in Shewanella, we 
recently proposed that Fcc 3 interacts directly with CymA (Schwalb et al., 2002). To 
test this a soluble form of CymA (CyniA 01) was constructed. Previously Roldan et 
al. (1998) used a PCR approach to generate a soluble form of NapC from the 
periplasmic nitrate reductase of Paracoccus denitrfi cans. They fused the periplasmic 
domain of NapC with the signal peptide of the periplasmic cytochrome C50. Dr. L 
Rivers and Lea-Ann Kirkham (Kirkham, 2000) used this PCR approach (figure 3.3) 
to replace the hydrophobic N-terminus of CymA with the signal sequence of the 
periplasmic Fcc 3 including the first three amino acids of mature enzyme (ADN) to 
ensure cleavage of the signal sequence. 
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PCR I (pSPEX-I template) 
primer i 	
EcoRl 	 frcA gene 
	




PCR 2 (pDAI2 template) 
AVAADNTLHATST 
pmei—_____* 	cymA gene 
I.ATTLT ............................................... PYPKst) 
PYPKG(stop) BamHI 
PCR 3 (fusion) 
pnmer i 	EcoRl 	 PCR1 product 	 3• 
5 	 p. 
MKKMNLAVCIATLMGTAGLMGTAVAADNTLHATST I 
AVAADTLHATST ....... ..PYPKG(stop) Bam]4 	PCR2 product 
primer 4 
Figure 3.3 Design of CymA501 , a soluble form the membrane bound tetraheme CymA 
Primers and PCR conditions are listed in chapter 2 
Figure 3.3 summarises all the PCR steps involved in the generation of CymA 501 . The 
vector pSPEX-1 was used as a template in a first PCR performed with the mutagenic 
primers 1 and 2. A single band of the expected size of 0.68 kb was purified from an 
Ultrapure Agarose gel. PCR 2 was performed using pDA12 as a template and 
primers 3 and 4. PCR 2 produced a single expected band of 0.48 kb, which was 
further purified as PCR product 1. In a third PCR the two overlapping fragments 
were fused together using primers 1 and 4. The amplified product of 1.16 kb was 
subsequently cloned into pGEM-T to form pRLSK3. The EcoRI and BamHI 
restriction sites were used to excise thefccA'-'cymA coding sequence and transfer it 
into the broad host-range expression vector pMMB503EH (Overbye et al., 1995) to 
form pRLSK4. This vector contains the tac promoter and the lad'1 gene, allowing 
induction of recombinant protein expression by IIPTG. The plasmid, pRLSK4, was 
than transferred by conjugation from the donor strain E. coli SM1O to S. oneidensis 
MR-IA (CS21a) and CMTn-1 (CS21c). The transconjugants were selected on LB 
plates containing rifampicin, streptomycin and kanamycin in the case ofCS2lc. 
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3.2 	Expression and purification of CymA50 i 
S. oneidensis MR-i CS21a was grown microaerobically to an 0D 600 -P0.7, induced 
with 0.5 mM JPTG and incubated for 18 hrs. Flasks were incubated in a shaking 
incubator at 23 °C. Streptomycin was added to the LB medium prior to inoculation. 
Cells were spun down for 10 minutes at 10,000 x g. A periplasmic extraction was 
performed to release the periplasm. CymA 0 1 was purified from the periplasmic 
extract using a weak anion exchanger (DE52, Whatman), a strong anion exchanger 
(Q-Sepharose) and a size exclusion column (Superdex 75, Pharmacia, Biotech). 












25 kDa  
16.5 kDa 
6.5 kDa 41111111111100 
Figure 3.4 Purification of CymA501 
Protein samples were separated by a 15 % SDS-PAGE and stained for c-type hemes (gel a) 
and stained for total protein using a silver stain (gel b) 
1, 6 - prestained protein marker; 2, 7 - periplasm, 3 - 8 peak fraction of DE52; 4 - 9 peak 
fraction of Q-Sepharose column; 5— 10 peak fraction of size exclusion chromatography 
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The yield of CymA 0i was very low, on average about 0.5 mg per litre of culture. 
This is due to the physical properties of the truncated protein, rather than a lack of 
expression. Difficulties during column purification minimised the yield. 
The identity of the purified protein was confirmed by N-terminal sequencing and 
mass spectrometry. The N-terminal sequencing showed that the signal sequence was 
indeed removed and that the first five amino acids were ADNTL, as expected. The 
mass determined by electrospray mass spectrometry was 19760 ±1 0  Da compared 
with a calculated mass of 19752 Da. 
3.3 	Characterisation of CymA 0 1 
Purified CymA 0i was used to determine the extinction coefficients as described in 
chapter 2. Figure 3.5 illustrates the formation of the reduced pyridine hemochrome 
complex (blue trace). The green UV-Vis trace shows the oxidised CymA 01 with a 
broad peak at 406 nm. In the reduced form the spectrum of CymA 01 possesses sharp 
peaks at 419, 523 and 552 rim, which are typical for c-type cytochromes (red trace). 
During the formation of the reduced pyridine hemochrome complex a slight blue 
shift occurs and the 552 nm peak is now found at 550 rim. The extinction coefficient 
for this complex at 550 nm is known and the heme content can be calculated. The 
following extinction coefficients were determined for CymA 01: 
Eoxjdised, 406 nm 428,000 M' cm 
Creduced, 419 nm 568,000 M' cm 
Ereduced, 523 nm 57,000 Mcm' 
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Figure 3.5 Determination of extinction coefficients for CymA 501 
The macroscopic midpoint potentials of the 4 heme groups of CymA 0i were 
determined by chemical and electro-chemical redox titrations as described in chapter 
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Figure 3.6 Electro-chemical redox titration of CymA 01 using the OTTLE method 
25 .tM CymA 01 , 500 mM KCI, 100 mMTrisHCl (pH 7.0) and 10 % glycerol, 
for mediators see chapter 2, 1.0 - fully reduced and 0.0 - fully oxidised 
The data obtained by these two different methods were fitted using a sum of four 
one-electron Nernst equations to four individual heme potentials as shown in table 
3.2. Two assumptions were made during fitting: 1) the heme groups do not interact; 
and 2) all hemes contribute the same amount to the change of absorption. The first 
assumption particularly, is likely to result in the values deviating considerably from 
the microscopic reduction potentials. 
I F(J3l 







Equation 3.1 Nernst equation for four hemes 
The absorption coefficients 6 0 and 6red  are for one oxidised and one reduced heme, 
respectively at the enzyme concentration and cell path length used. E is the applied potential 
and Ej is an initial estimate on the formal reduction potential. F - Faradays constant R - 
molar gas constant and T - temperature 
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NMR-spectroscopy has been used successfully to resolve heme potentials more 
accurately for C3 and Fcc3 (Pessanha et al., 2001+2003). The midpoint potentials 
obtained by our described methods are a guide to the range of CymA heme 
potentials. 
Table 3.2 Herne potentials of CymA301 
Heme groups are ordered by decreasing redox potential 
Chemical redox titration -154 ± 10 -203 ± 10 -231 ± 10 -284± 10 
mV mV mV mV 
Electro-chemical redox titration -149 ± 10 -192 ± 10 -250 ± 10 -313 ± 10 
(OTTLE method) mV mV mV mV 
The values for the heme potentials concur for the two different redox titrations. The 
OTTLE method has the advantage of a wider potential range and no chemical related 
problems due to dithionite breakdown products. A detailed discussion of the heme 
potentials will follow in section 3.5. 
3.4 	Cloning, expression and purification of native CymA 
Dr. D. Atanasiu previously cloned the cymA gene from S. oneidensis MR-i into the 
vector pGEM-T to form pDA1 2 (Ph. D. thesis, 2000). In this work the EcoRJ and 
BamHI restriction sites were used to excise the cymA coding sequence and transfer it 
into the broad host-range expression vector pMMB503EH (Overbye et al., 1995) to 
form pCS3. This vector contains the tac promoter and the 	gene, allowing 
induction of recombinant protein expression by IPTG. This plasmid, pCS3, was then 
transferred by conjugation from the donor strain E. coli SM10 to S. oneidensis MR-
1A (CS21d) and CMTn-1 (CS21e). The transconjugants were selected on LB plates 
containing rifanipicin, streptomycin and kananiycin in the case ofCS2ie. 
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Native and recombinant CymA were expressed in and purified from S. oneidensis 
MR-i CS2Id grown microaerobically to an 0D 600 -0.7, induced with 1 mM IPTG 
and incubated for 18 brs at 23 °C. Streptomycin was added to the LB medium prior 
to inoculation. Cells were spun down for 10 minutes at 1 0,000xg. The cell pellet was 
resuspended in 20 mM TrisHCl buffer (pH 8.0) containing 5 mM EDTA. The cell 
suspension was cooled on ice prior to sonication. Membranes were separated from 
the soluble cell components by ultracentrifugation (45 mm, 120,000 x g). The dark 
red pellet was resuspended in 20 mM TrisHCl buffer (pH 8.0) containing 5 MM 
EDTA and 1.5 % sodium cholate and incubated at room temperature for 30 minutes. 
The solubilised fraction was separated by ultracentrifugation (35 mm, 120,000 x g). 
An ammonium sulfate precipitation was employed to enrich CyniA in the extract. A 
35% saturation step removed many proteins before CymA precipitated at an 
ammonium sulfate concentration of 45 %. The pellet was resuspended in 20 mM 
TrisHCl (pH 8.0), 5 mM EDTA and 1.5 % sodium cholate. CymA was purified using 
a size exclusion coulnm (Sephadex 75) and a strong anion exchanger (Q-Sepharose). 
1 	2 	3 	4 	5 	6 
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16.5 kDa 	 - 
6.5 kDa 
Figure 3.7 Purification of native CymA 
Protein samples were separated on a 15 % SDS-PAGE 
and stained for total protein using Coomassie Blue 
1 - marker, 2 - whole cell extract, 3 - solubilised membranes, 4 - 45% ammonium sulfate 
precipitate, 5 - Superdex 200 fraction, 6 - Q-Sepharose fraction 
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The yield of native CymA was, on average, about 3 mg per litre of LB broth. This 
might be improved if a more suitable detergent is found. During our studies the 
neutral Thesit (Polyethylene glycol 400 dodecyl ether) and the negatively charged 
cholate were tested. Sodium cholate was preferred because it allowed ammonium 
sulfate precipitations and size exclusion chromatography, whereas Thesit was more 
suitable for ion exchange chromatography (figure 3.8). 
CH3 , 
C 1 2H25(OCH2CH2)OH 
n-.-'4 
Thesit 
HO c'f 	1 
C—ONa 
CH3 	H 	 11 




Figure 3.8 Detergents tested for membrane bound CymA purification 
3.5 Characterisation of the membrane bound CymA 
Purified native CymA was used to determine the extinction coefficients as described 
in chapter 2. The extinction coefficients were slighter higher than the ones from 
CymA 0i : 
Eoxidised, 406 nm=  464,000 M 1 cm 
Creduced, 523 nm=  64,000 M'cm' 
reduced,42Onm=  616,000 Mcm 1 
Creduced, 552 nm 116,000 M 1 cm 
The macroscopic midpoint potentials of the 4 heme groups of CymA were 
determined by the OTTLE method as described in chapter 2 in the presence of Thesit 
and sodium cholate. Figure 3.9 shows redox titrations with both detergents and table 
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Electrode potential vs SHE [my] 
Figure 3.9 OTTLE titrations of native CymA in the presence of A - I % Thesit and 
B - I % sodium cholate; 
25 tiM CymA, 500 mM KCI, 100 mM TrisHCl (pH 7.0) and 10 % glycerol; 
for mediators see chapter 2, 1.0 - fully reduced and 0.0 - fully oxidised 
Table 3.3 Herne potentials of CymA with different detergents present 
Heme groups are ordered by decreasing reduction potential 
Thesit titration -143 ± 10 -200 ± 10 -200 ± 10 -284 ± 10 
mV mV mV mV 
Cholate titration -190± 10 -215± 10 -258± 10 -321± 10 
mV mV mV mV 
The negatively charged detergent, cholate, has lowered the heme potentials by 40-50 
mV in comparison to the neutral detergent Thesit. A negative charge in close 
proximity to a heme group might be expected to decrease its potential since it is 
likely to make it less able to harbour an additional electron for electrostatic reasons. 
The midpoint potentials of CymA from S. frigidimarina NCIMB400 were found to 
be +10, -108, -136 and -229 mV (Field et al., 2000). These potentials are more 
positive than those obtained by us for CymA from S. oneidensis MR-1. This could be 
due to different experimental procedures, e.g. less protein, lower temperature, 
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slightly higher pH and most importantly only 0.2 mg/ml of dodecyl maltoside were 
present (Field et al., 2000). The choice and the concentration of the detergent seems 
to have a considerable effect on the heme potentials. The origin of these two proteins 
might also play a role since CymA from S. frigidimarina NCJMB400 faces a marine 
environment whereas S. oneidensis MR-i is a freshwater organism and hence the salt 
concentration is likely to be ten times lower. 
In figure 3. 10, redox titrations of CymA and CyniA 0i are overlaid. The CymA 0 i 
redox titration curve is a bit different in shape but generally lies intermediate to the 
two CymA redox titration curves. Slight changes in the heme potentials of CymA 01 
might have occurred due to the absence of the hydrophobic anchor but overall no 
significant changes regarding the heme potentials took place. These results indicate 
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Electrode potential vs SHE [mV] 
Figure 3.10 Overlay of 3 redox titrations (OTTLE method) 
black - CymA + 1 % cholate, green - CymA + 1 % Thesit, red - CymA 01 ; 
1.0 - fully reduced and 0.0 - fully oxidised 
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3.6 	Crystallisation trials of CymA 
As of now no crystal structure of any member of the NapC/NirT family has been 
obtained. A crystal structure would give valuable information on interactions 
between menaquinol and CymA and CymA and terminal reductases. The 3-D 
structure could help to identify key amino acids which could than be further 
characterised by site directed mutagenesis. 
During all our crystallisation trials the hanging drop method was employed. In a 
vapour diffusion experiment, small volumes of precipitant and protein were mixed 
together and the drop equilibrated against a larger reservoir of solution containing 
precipitant or another dehydrating agent as shown in figure 3.11. 
2 p.1 protein+ 
2 p.1 reservoir 
coverslip 
se 
Figure 3.11 Hanging drop crystallisation method 
(httD://www-structmed .cimr.cam .ac.uk/Course/Crvstals/Theorv/methods.html) 
3.6.1 Crystallisation trials of CymA 0 1 
Hampton Research Crystal Screen 1 and Molecular Dimensions Clear Strategy 
Screens I and 2 were used at 4 °C and 18 °C with varying protein concentrations (0.5 
—5 mg/ml). Buffers used in the Molecular Dimensions Clear Strategy Screens were 
100mM TnsHCl (pH8.0) and sodium cacodylate (pH6.5). So far no success can be 
reported. 
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An attempt was made to cocrystallise CymA 0i with S. oneidensis flavocytochrome c3 
in a 1:1 ratio. Crystals were obtained with 100 m TnsHC1 (pH8.0-8.5) and 15 % 
PEG8000. The space groups determined were P432 1 2 (cell dimensions a = 76.700, b 
= 76.700, c = 214.899, a = /3 = y = 90.000 0)  the same as for S. oneidensis 
flavocytochrome c3 (Leys et al., 1999). The crystal structure was solved and was 
found to be only Fcc3 . 
3.6.2 Crystallisation trials of native CymA 
Hampton research MembFac screen was tested at 4 °C and 18 °C with a protein 
concentration of 5 mg/ml. Screens were set up with 1 % thesit and 1% sodium 
cholate. The screening is still ongoing. 
3.6.3 Crystallisation trials of the Fcc3/CymA 01 fusion protein 
Since crystallisation trials with CymA 0 1 and CymA showed no immediate success a 
different approach was chosen. A Fcc 3-CymAs01 fusion protein was constructed 
bearing in mind that Fcc 3 from Shewanellafrigidimarina NCIIMB400 crystallises 
well. The CymA 01 construct (without the Fcc 3 signal sequence) was fused to the C-
terminus of Fcc3 from Shewanellafrigidimarina NCIMB400. The idea was to use 
Fcc3 as a 'scaffold' for the crystallisation of CymA 01. The linker region was 
designed to include a flexible arm consisting often small, hydrophilic amino acids 
and an Enterokinase (light chain) cleavage site (table 3.4). The enterokinase cleavage 
site was included in an attempt to increase the yield of CymA 0 1 assuming that the 
fusion protein might be available in larger amounts than CymA 01 purified as 
described in section 3.2. 
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Linker arm 







Fcc3 	 cleavage site 
Figure 3.12 Model of Fcc3ICymA 01 fusion protein 
Table 3.4 Linker region of Fcc 3/CymA 01 construct 
flexible arm 	 Enterokinase cleavage site 
GSKIARKETA 	 DDDDK 
3.6.3.1 	Design of the Fcc3/CymA 0 1 fusion protein 
Figure 3.13. summarises all the PCR steps involved in the generation of Fcc 3 -
CymAs0i fusion protein. The vector pSPEX- 1 was used as a template in PCR 4 
performed with the mutagenic primers 5 and 6 (chapter2). A single band of the 
expected size of 1.8 kb was purified from an Ultrapure Agarose gel. PCR 5 was 
performed using pDA12 as a template and primers 4 and 7 (chapter2). PCR 5 
produced a single expected band of 0.5 kb which was purified as PCR product 4. In a 
third PCR the two overlapping fragments were fused together using primers 4 and 5. 
The amplified product of 2.3 kb was subsequently cloned into Smal digested pUC19 
to form pCS4. Figure 3.14 shows a DNA gel with all 3 PCR products. 
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Figure 3.14 DNA gel of PCR products 4, 5 and 6 
DNA fragments are separated by gel electrophoresis and stained with ethidium bromide 
1 - 1 kb ladder, 2 - PCR 4 product, 3 - PCR 5 product, 4 - PCR 6 product 
E. coli TG-1 cells were transformed with pCS4 to form CS21f. Blue/White screening 
was employed to identify cells carrying the insert. Plasmid DNA from positive 
clones was isolated as described in chapter 2. The EcoRI and BamHI restriction sites 
were used to excise the fusion construct and clone it into the broad expression vector 
pMMB503EH to form pCS5. This construct was then transformed into E. co/i TG-1 
to form CS2 1g. Isolated plasmid DNA was used to transform E. coli SM 10 to form 
CS21h. In the last step pCS5 was transferred by conjugation from the donor strain 
CS21h to S. oneidensis MR-lA (CS21i). The transconjugants were selected on LB 




primer 	 10 	 fccA gene 
MKKMNLAV ............................ ... ARYSKKNj 
AKYSKXNGSKIARKETA 
PCR 5 (pDA 12 template) 
ARKETANNNNKTLHATST 
primer 	 cymA gene 
 YFATQQTLHAThT ............................................... PYPKC(stop)I 11 
4pner4 
PYPKG(stop) BamHI 
PCR 6 (fusion) 
primer 5 	
PCR 4 product 
EcoRIMKKMNLA ............. AKYSKKNGSKIARKETA I 	 2 
I ARKETANNNNKTLHATST 	PYPKG(stop) BamH4- 
	
PCR 5 product 	 primer 4 
Figure 3.13 Construction of Fcc 3ICymA 01 fusion protein 
3.6.3.2 	Expression and purification of the Fcc3ICymASO I fusion protein 
S. oneidensis MR-I CS21i was grown microaerobically to an 0D 600 of-0.7, induced 
with 0.1 mM IPTG and incubated for 24 hours. The flasks were incubated in a 
shaking incubator at 23 °C. Streptomycin was added to the LB medium prior to 
inoculation. Cells were spun down for 10 minutes at 10,000 x g. The cell yield was 
usually -7 g of wet cell weight per litre of culture. A periplasmic extraction was 
performed to release the periplasm. The fusion protein was purified from the 
periplasmic extract using a weak anion exchanger (DE52, Whatman), a strong anion 
exchanger (Q-Sepharose) and a hydroxyapatite (Biorad) column. Protocols for the 
periplasmic extraction and the protein purification are listed in chapter 2. The yield 
of the fusion protein was on average about 2 mg per litre of LB broth. 
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Figure 3.15 Purification of fusion protein 
Protein samples were separated by a 10 % SDS-PAGE and stained for total protein using 
Coomassie Blue,1 - marker, 2 - cell extract (uninduced), 3 - cell extract (induced), 4 - 
periplasmic extract, 5 - DE52 fraction, 220 mM NaCl, 6 - Q-sepharose fraction, 350 mM KCI, 
7 - Hydroxyapatite fraction, 100 mM phoshate 
3.6.3.3 	Identification and characterisation of the Fcc3/CymA 0 1 fusion 
protein 
N-terminal sequencing verified the identity of the fusion protein. The first 5 amino 
acids, ADNLA, were identical to the mature Fcc 3 from Shewanellafrigidimarina 
NC1M13400. The correct size of 86.5 kDa was confirmed by SDS-PAGE. Purified 
fusion protein was used to determine the extinction coefficients as described in 
chapter 2. The extinction coefficients were consistent with the sum of the individual 
components CymA 0 and Fcc 3 : 
Eoxidised, 408 nm 808,000 M -1 cm- ' 
Ereduced,419nm 976,000 M'cm 1 
8reduced, 523 nm 208,000 M'cm 1 
Creduced, 552 nm= 280,000 M -1 cm 
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Fumarate activity assays at pH 7.2 gave a k cat-value of 235 ± 15 s_ I for the fusion 
enzyme which is about 50 % of the activity found for the wild type at this pH 
(Doherty, Ph. D. thesis 2001). This finding demonstrates that by fusing CyniA 01 to 
the C-terminus of the enzyme, activity is not abolished indicating that no major 
structural changes have occured in the fumarate reductase. 
Enterokinase digestion of the fusion protein resulted in the appearance of three bands 
on a heme stained SDS-PAGE gel (see figure 3.16). 
1 	2 	3 
175 Wa 
	
83 kDa 	 _- 
62kDa -_ 
47.5 kDa 
32.5 Wa 	 is 
25kDa 
16.5 kDa 
4 	 Fcc3 
4 	Partially digested 
Fcc 3 
4 	 CymA 01 
Figure 3.16 Enterokinase digest of the fusion protein 
Protein samples were separated on a 15 % SDS-PAGE and stained for c-type heme using a 
peroxidase stain 
1 - marker, 2 - Fusion protein, 3 - digested fusion protein 
The high molecular weight band resembles the size of Fcc 3 and the smaller band 
indicates the presence of CymA 01 . The intermediate band is probably a partially 
digested Fcc3 . The amino acid sequence of Fcc 3 reveals a xxDDK site. If cut at this 
site a 31 kDa fragment containing all the four hemes would appear which is 
consistent with the apparent weight of the intermediate band. This digest 
demonstrated that the Enterokinase site is freely accessibly and not buried in the 
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protein bulk. The cleavage products were as expected, Fcc 3 and CymA 01 . These 
results indicate that the fusion construct is folded properly and may help to solve the 
crystal structure of CymA. 
3.6.3.4 	Crystallisation screens 
Hampton Research Crystal Screen 1 and Molecular Dimensions Clear Strategy 
Screens 1 and 2 were used at 4 °C and 18 °C with varying protein concentrations (0.5 
—5 mg/ml). Buffers used in the Molecular Dimensions Clear Strategy Screens were 
100mM TrisHCl (pH8.0) and sodium cacodylate (pH6.5). 
Various conditions arising from the S. oneidensis flavocytochrome c3 wild type 
crystals were tested at 4 °C and 18 °C (100mM TrisHCI pH7.0-8.0, 80 mM NaCl, 10 
mM fumarate, 12-20 % PEG8000). Very small plates were obtained with 100 mM 
TrisHCl (pH 8.0), 10 % PEG8000 at 18 °C. These plates were too small for 
diffraction screening and have not been improved upon thus far. 
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Chapter four: Characterisation of flavocytochrome c3 
from Shewanella oneidensis MR-1 
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4. Characterisation of flavocytochrome c3 from Shewanella oneidensis MR-1 
Bacteria have developed electron transfer pathways that enable them to utilise 
fumarate as a terminal electron acceptor in the absence of oxygen. The majority of 
known fumarate reductases are membrane bound complexes consisting of an iron-
sulfur subunit, a FAD binding subunit and either one or two integral membrane 
subunits. They share similarities with succinate dehydrogenases and are usually 
capable of catalysing the reverse reaction, the oxidation of succinate (Lancaster et 
al., 2002). 
Shewanella species produce a large number of soluble, periplasmic cytochromes c. 
Among these is the fumarate reductase, flavocytochrome c3 (Fcc3), found in 
Shewanella oneidensis MR-i and Shewanellafrigidimarina NCIMB400 (Myers et 
al., 1997b, Pealing et al., 1992). Crystal structures are available of these highly 
similar enzymes (60 % identity) (Leys et al., 1999, Taylor et al., 1999). Figure 4.1 
highlights the structural elements of these enzymes. 
Figure 4.1 Crystal structure of flavocytochrome c 3 from S. frigidimarina NCIMB400 
The polypeptide chain is shown as a ribbon diagram with the cytochrome, flavin-binding and 
clamp domains coloured in blue, green and purple, respectively. The heme groups are 
shown in red and the flavin is in yellow (Taylor et al., 1999). 
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The N-terminal cytochrome domain consists of the first 100 amino acids and four 
covalently bound heme groups. This domain is similar in function to the iron-sulfur 
protein in the membrane bound fumarate reductase. A charged bent helix links the 
cytochrome domain with the FAD-binding domain (residues 111-364 and 503-57 1). 
FAD is bound non-covalently in contrast to most succinate:quinone oxidoreductases 
where a 8a-[N-histidyl]-FAD linkage is present (Cecchini et al., 2002). The overall 
fold of the FAD-binding domain from Fcc 3 shows similarities with other FAD 
containing proteins. An octahedrally ligated sodium ion is found close to the active 
site which might have a structural role (Pankhurst et al., 2002). A third domain 
comprising the residues 365-502, the clamp domain, was suggested to control access 
of substrate to the active site (Reid et al., 2000). 
Despite having an operon that is very similar to thefrd operon from Wolinella and a 
gene which encodes an iron inducible flavocytochrome c, IfcA, with in Vitro 
fumarate reductase activity, it appears that Fcc 3 is the sole physiological fumarate 
reductase in S. oneidensis MR-I (Reid et al., 2000, Myers et al., 1997b, Dobbin et 
al., 1999). 
The well characterised enzyme from S. frigidimarina NCIMB400 is used here to 
explain the mechanism of fumarate reduction for all members of the fumarate 
reductase family (see figure 4.2 and figure 4.3) (Reid et al., 2000). The active site 
consists of amino acids from the clamp and the FAD-binding domain. The active site 
binds the substrate tightly and renders it completely inaccessible to solvent. This 
finding requires some domain movement to allow for optimal substrate entrance and 
product release. 
The C4 carboxylate is embedded in a highly polar pocket. Electrostatic interaction 
and hydrogen bonds with Arg544 and Arg402 and a hydrogen bond to His 504 
induce a polarisation of the substrate since the C  carboxylate faces a less polar 
environment with hydrogen bonds to Thr377 and His365. The planar substrate 
fumarate is also subject to some distortion due to close interaction with side chains of 
Met236 and Met375. Met236 belongs to the FAD-binding domain whereas Met375 
is found in the clamp domain. It appears that by closing the active site the substrate is 
twisted out of its planarity. These polarisation and distortion effects allow hydride 
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transfer from N5 of the FAD to the C2 atom. Since the flavin N5 atom is less than 
3.2 A away from fumarate C2 it is ideally poised for a nucleophilic attack. Hydride 
transfer is accompanied by the protonation of fumarate C3, by Arg402, the active site 
catalyst, resulting in the formation of succinate. Arg402 operates as part of a 
proposed proton pathway also including Arg381 and G1u378. It has been shown that 
Arg402 is crucial for enzyme activity (Reid etal., 2000) and that Arg402 together 
with other active site residues is completely conserved in fumarate reductases and 
succinate dehydrogenases (Taylor et al., 1999). 
Arg3 8 i''1 
His365 	substrate 
G1u3 78 
Figure 4.2 The active site of Fcc3 from S. frigidimarina NCIMB400 (Reid et al., 2000) 
The proton delivery pathway including Arg381, G1u378 and Arg402 is indicated with black 
arrows. 
Electron transfer to the active site FAD is facilitated by the N-terminal tetraheme 
domain. Heme-heme distances of less than 8 A (edge to edge) and the heme-FAD 
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distance of 7.4 A are conducive to fast electron transfer to the active site. The 
pathway delivering electrons to the periplasmic Fcc3 is as yet undiscovered. It was 
demonstrated that menaquinol or a low redox potential derivative of menaquinol and 
the membrane bound tetraheme CymA are crucial for fumarate respiration in S. 
oneidensis MR-i (Saffarini etal., 2002, Myers et al., 1997a). CymA, a member of 
the NapC/NirT protein family, was postulated to deliver electrons from menaquinol 
to periplasmic terminal reductases like Fcc 3 (Schwaib et al., 2002). Since Fcc3 
possesses 3 solvent exposed heme groups, a direct electron transfer between CymA 
and Fcc3 could be envisaged. CymA 0i , a soluble form of CymA, was generated and 
characterised as described in chapter 3. In this chapter we illustrate the 
characterisation of the soluble fumarate reductase, Fcc 3 , from S. oneidensis MR-i 
and studies conducted on in vitro electron transfer between CyrnA,,, l and Fcc3 . 
,R , 
N 	N- 
0 rH 0 	













Figure 4.3 The mechanism of fumarate reduction 
The amino acid numbering is taken from the S. frigidimarina NCIMB400 enzyme 
2 
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4.1 	Expression and purification of flavocytochrome c3 from S. oneidensis 
MR-1 
Native flavocytochrome c3 was purified from S. oneidensis MR-i and since the 
protein was very abundant in wild type cells no overexpression system was needed. 
1.8 1 of LB were inoculated with 200 ml of a dense overnight culture of S. oneidensis 
MR-IA. Shewanella were grown microaerobically for 20 hours at 23 °C to an 0D 600 
of 	Cells were spun down for 10 minutes at 10,000 x g. The cell yield was 
usually -3-4 g of wet cell weight per litre LB. A periplasmic extraction was 
employed to release the penplasm. Fcc 3 was purified from the periplasmic extract 
using a weak anion exchanger (DE52, Whatman), a strong anion exchanger (Q-
Sepharose) and a size exclusion column (Superdex 200, Pharmacia, Biotech). 









Figure 4.4 Purification of flavocytochrome c3 from S. oneidensis MR-1 
Samples from each purification step were separated on a 15 % SDS-PAGE gel stained for 
proteins with Coomassie Blue. 
1 - marker, 2 - whole cell extract, 3 - periplasmic extract, 4 - 0.1 M NaCI fraction from DE52 
column, 5- 0.25 M NaCl fraction from Q-sepharose column, 6- peak fraction from S 200 
size exclusion columnThe identity of the purified protein was confirmed by mass 
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spectrometry. The mass determined by electrospray mass spectrometry was 62291 
±10 Da compared with the calculated mass of 62306 Da (figure 4.5). 
Figure 4.5 Mass spectroscopy on flavocytochrome c3 
Experimentally determined mass was 62291 ± 10 Da 
4.2 	Thermodynamic characterisation of Fcc3 from S. oneidensis MR-1 
The extinction coefficients were calculated based on the reported value of 33 mM' 
cm -1 heme' at 552 nm (Tsapin et.ai, 2001). Table 4.1 lists the extinction coefficients 
for Fcc3 from S. oneidensis MR-i and S. frigidimarina NCIIMB400. The 
corresponding values are, as expected, very similar for the two enzymes. 
Table 4.1 Extinction coefficients for Fcc 3 from S. oneidensis MR-1 and S. frigidimarina 
NCIMB400 
Extinction 
Coefficients [M' cm] 
S. oneidensis MR-I S. frgidimarina NCIIMB400 
Coxidised 408 ±1 nm 493,000 493,000 
Creduced 419 ± i nm 756,000 752,000 
132,000 161,000 
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The data obtained by chemical redox titrations of Fcc 3 from S. oneidensis MR-I 
could be fitted to 4 one-electron potenials using the modified Nernst equation (figure 
4.6). The two intermediate heme potentials were too similar to be separated. The 
heme potentials of the MR-i enzyme are generally slightly higher than the ones 
published for the NCI1MB400 enzyme (table 4.2). 
Table 4.2 Heme potentials for Fcc3 from two closely related organisms (Schwalb etal., 
2002, Rothery et al., 2003) 
Heme groups are ordered by decreasing redox potential 
S. oneidensis MR-i -88±10 -177±10 -177±10 -281±10 
mV mV mV mV 
S.frgidimarinaNCllvlB400 -126±10 -182±10 -225±10 -295±10 
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Electrode potential vs SHE [mV] 
Figure 4.6 Chemical redox titration of 15 tM Fcc 3 from S. oneidensis MR-1 
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The potential of the FAD cofactor for the NCIMB enzyme was previously 
determined by protein film voltammetry (PFV) to be —152 ± 2 mV (pH 7.0, 24°C) 
(Turner et al., 1999). Unpublished PFV work (J. Hudson, Oxford) on the MR-i 
enzyme showed a similar value under the same conditions. The reduction potential of 
noncovalently bound FAD in Shewanella enzymes is relatively low compared to 
reported values of-30 to —55 mV for covalently bound FAD in the E. co/i fumarate 
reductase (Turner et al., 1999, Cecchini et al., 2002). It has been postulated that due 
to the lower reduction potential of noncovalently bound FAD the Fcc 3 enzyme is 
unable to mediate efficient succinate oxidation. This indicates that the FAD redox 
activity can be modulated by covalent binding of the cofactor (Turner et al., 1999). 
4.3 	Kinetic characterisation of Fcc3 from S. oneidensis MR-1 
The Michaelis Menten equation is often used to describe kinetics of enzymatic 
reactions. It is assumed that a) the formation of enzyme-substrate complex is fast and 
reversible and b) any event after the formation of the enzyme-substrate complex is 
slower and hence rate-determining. 
kcat  [SI[E] 
v= K
m  + [ S] 
Equation 4.1 The Michaelis Menten equation 
v is the overall rate, k is the turnover number, [S] is the concentration of substrate, [E] is 
the total concentration of enzyme in solution and K m is the dissociation constant 
A Michaelis Menten plot is obtained by determining observed rate constants at a 
range of substrate concentrations and a constant enzyme concentration. The rate of 
the reaction is symbolised by the turnover number, k cat . It is the number of moles of 
substrate that react per mole of enzyme per unit time. The Michaelis constant (Km) 
indicates which substrate concentration is needed to reach the half maximal overall 
rate and gives a measure of the tightness of the substrate binding. The overall 
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catalytic efficiency of the enzyme is given by the ratio of k cat/Km which yields a 
second-order constant. 
The fumarate reductase assay is based on the reduction of the dye, methyl viologen. 
Upon addition of sodium dithionite, methyl viologen is reduced to the radical form 
(MV) which readily releases its electron. These electron are used to drive the 
reduction of fumarate by the reductase, flavocytochrome C3. This means that in terms 
of substrate the absolute value Of k cat has to be halved since two electrons are 
necessary for fumarate reduction. 
The reduced dye absorbs strongly in the blue region of the visible spectrum, however 
the dye turns colourless when oxidised. This colour change can be quantitatively 
monitored at 600 rim (6600 = 13,000 Mcm'). Assays have to be carried out in 
anaerobic environment since oxygen will oxidise the dye at a significant rate. The 
reaction is started by the addition of enzyme. The absorbance change over time is 
used to calculate the observed rate constant as indicated in equation 4.2. 
kObS = 0 
C 
MVX [E] 
Equation 4.2 Determination of observed rate constant. 
= the observed rate constant, AA = absorbance change over time, E; m, = the extinction co- 
efficient of methyl viologen and [E] = the concentration of flavocytochrome c3 
The conversion of fumarate to succinate by flavocytochrome C3 was observed over a 
pH range from 6.0 to 10.0. The Michaelis Menten plot for pH 8.5 is shown as an 
example in figure 4.7. A pH-profile for reductase activity was generated by plotting 
kcat against pH values (figure 4.8). Two pK., values of 6.5 ± 0.2 and 10.1 ± 0.6 were 
obtained. This finding was in contrast to the single PK a value of 7.5 observed in 
flavocytochrome c 3 from S. frigidimarina NCIMB400. This pKa value is probably 
caused by residue His504 which is close to the active site FAD. Site-directed 
mutagenesis has shown that mutating nearby His505 has an effect on His504 which 
modulates the PKa value of this enzyme (Pankhurst et al., 2002). The reason why the 
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Figure 4.7 Characteristic Michaelis Menten plot for flavocytochrome c3 
The assays were carried out in 50 mM Tris (pH 8.5) and 500 mM NaCl at 25 °C. The 
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pH 
Figure 4.8 Reductase activity pH-profile of flavocytochrome c3 from S. oneidensis MR- 
1; Data analysis showed PKa values of 6.5 ± 0.2 and 10.1 ± 0.6. 
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Kinetic parameters like k cat and Km differ significantly between the enzymes from S. 
oneidensis MR-i and S. frigidimarina NCIMB400, however the overall efficiency is 
similar for these two enzymes as shown in tables 4.3, 4.4 and 4.5. 
Table 4.3 pH-dependence of k for flavocytochrome c3 from two Shewanella species 
PH kcat (s) 
S. oneidensis MR-1 
kcat (s') 
S. frigidimarina (Doherty, 1999) 
6.0 774±25 658 ±34 
6.5 1510±56 n. d. 
7.2 2350± 154 509± 15 
7.5 2690 ± 145 n. d. 
8.0 2580± 70 345 ±20 
8.5 2930 ± 64 n. d. 
9.0 2750±72 210± 13 
9.5 2330 ± 78 n. d. 
10.0 1770 ± 278 n. d. 
Table 4.4 pH-dependence of K m for flavocytochrome c3 from two Shewanella species 
PH Km U.LMJ 
S. oneidensis MR-1 
Km I.LM] 
S. frigidimarina (Doherty, 1999) 
6.0 37.5±3 43±10 
6.5 148±14 n. d. 
7.2 167±28.5 25±2 
7.5 211±32.2 n. d. 
8.0 156±12 18±4 
8.5 179±11 n. d. 
9.0 264±17 7±1.5 
9.5 293 ± 24 n. d. 
10.0 278±17 n. d. 
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Table 4.5 Overall efficiency for flavocytochrome c3 from two Shewanella species 
pH ki at l Km (M's4 ) 
S. oneidensis MR-1 
'(cat ' Km (M 4s') 
S. frigidimarina (Doherty, 1999) 
6.0 2.0 x107 1.5 x io 
6.5 l.Ox 10 n. d. 
7.2 1.4 x 107 2.1 x 1 07 
7.5 1.3x107 n. d. 
8.0 1.7x107 1.9x107 
8.5 1.6x107 n. d. 
9.0 1.0x 10 1 3.0x 10 
9.5 0.8x107 n. d. 
10.0 0.6x107  n. d. 
It appears that the MR-I enzyme reduces fumarate much faster but the substrate 
binding is less tight than for the NCIMB400 enzyme. The pH optima of these two 
enzymes are also different. The NC[MB400 enzyme has a pH optimum at 6.0, 








Figure 4.9 Comparison of pH-profiles for flavocytochrome c3 from S. oneidensis MR-1 
(filled squares) and S. frigidimarina NCIMB400 (empty triangles) 
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4.4 	Structure comparison between flavocytochrome c3 from S. oneidensis 
MR-1 and S. frigidimarina NCIMB400 
In this section structure comparisons of these two enzymes are employed to try and 
explain the differences in kinetic parameters and pK a values as documented in 
chapter 4.3. In figure 4.10 an overlay of both structures is shown. 
Figure 4.10 Overlay of flavocytochrome c3 structures from S. oneidensis MR-1 (grey) 
and S. frigidimarina NCIMB400 (domains coloured as in fig. 4.1) (Leys etal., 1999, 
Taylor etal., 1999)) 
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This overlay reveals no major differences in the polypeptide frame of these two 
enzymes which is not surprising since they share 60 % identity in amino acid 
sequence. 
The thermodynamic properties, namely the reduction potentials of the four heme 
groups and the FAD cofactor, cover a similar range in both enzymes as stated in 
chapter 4.2. It is unlikely that the slight differences in reduction potentials cause the 
different behaviour observed for these enzymes. In figure 4.11 the arrangement of 
the cofactors in both enzymes is illustrated. 
V-- 
FAD 
Figure 4.11 Cofactor overlay of flavocytochrome C3 from S. oneidensis MR-1 (blue) 
and S. frigidimarina NCIMB400 (red and yellow) 
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The edge-to-edge distances from Herne 1-Heme 11-Heme Ill-Heme TV-FAD are: 
6.2 A, 3.9 A, 8.0 A and 7.4 A for the NCIMB400 enzyme and 
6.5 A, 4.0 A, 8.1 A and 7.4 A for the MR-I enzyme. This supports the idea that the 
electron pathway is too similar to cause such big differences in turnover. In figure 







Figure 4.12 Overlay of the active site residues of flavocytochrome c 3 from S. 
oneidensis MR-I (blue) and S. frigidimarina NCIMB400 (atom colour) 
The numbering of the amino acids is according to the sequence of the NCIMB400 enzyme. 
No significant difference are found in the organisation of the active site in both 
enzymes. The proton pathway consisting ofArg38l, G1u378 and Arg402 is 
essentially identical and His504, responsible for the pK a of 7.5 in the NCIMB400 
enzyme, is present in both enzymes. There must be another component which affects 
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the changes in PKa values found in the MR-i enzyme. For instance a second, as yet 
unidentified, key amino residue or a subtly different hydrogen bonding network may 
cause this difference. 
In summary, we have demonstrated that flavocytochrome c3 from S. oneidensis MR-
1 and S. frigidimarina NCIM13400 share similar thermodynamic properties and 
overall efficiency. However, differences were found in kinetic parameters such as a 
fivefold higher kcat at the pH optimum for the MR-1 enzyme compared to the 
NCIMB enzyme. The MR-I enzyme turns over fumarate faster but substrate binding 
is less tight than in the NC1MB400 enzyme. Furthermore, the pH optimum for the 
MR-i enzyme is at 8.5 having pKa values of 6.5 and 10.1. Structural comparisons of 
the two enzymes gave no explanations to why this different behaviour exists. 
4.5 	Protein interaction studies between CymA 0 1 and flavocytochrome c3 
from S. oneidensis MR-1 
In chapter 3 the characterisation and purification of the soluble and the native form 
of CyrnA is described. In this chapter the soluble fumarate reductase of S. oneidensis 
MR-1, a potential electron acceptor of CymA in vivo, was investigated. Figure 4.13 
illustrates all the redox centres involved in fumarate respiration in S. oneidensis MR-
1. As expected from thermodynamic considerations, the reduction potentials of the 
hemes in CymA are significantly lower than that of the fumarate/succinate couple 
with the heme and fiavin prosthetic groups of Fcc 3 generally lying intermediate to 
these. It is therefore simple to envisage thermodynamically favourable electron 
transfer from CymA via the fumarate reductase to fumarate. In contrast the reduction 
of CymA by menaquinol is, in principle, an 'uphill' reaction. It is possible that 
CymA is reduced by one of the lower potential menaquinone derivatives, e.g. 
methylmenaquinone. MMK-7, a methylated menaquinone derivative, has been 
purified from Shewanella membranes (Itoh etal., 1985) and the methyl group on the 
aromatic ring of naphthoquinones, such as menaquinone, has been shown to result in 
a lowering of the reduction potential (Clark, 1960). It has been postulated that in the 
W. succinogenes polysulfide reductase system a bound form of MMK-6 could have a 
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Figure 4.13 Thermodynamics of fumarate reduction involving CymA 
To determine whether electron transfer between CymA and Fcc 3 is direct we 
performed a series of assays monitoring the fumarate-dependent oxidation of reduced 
electron donor under anaerobic conditions. Figure 4.13 shows the electron donor 
concentration-dependent rate of turnover profile. Observed rate constants, k0b, were 
measured at different electron donor concentrations and experiments repeated with 
different batches of protein showed similar curves. CymA 01 , native CymA and the 
periplasmic tetraheme c3 (Tsapin et at., 2001) were used as electron donors to 
flavocytochrome c3 in these experiments. Assays with native CymA were carried out 
in the presence of 1 % sodium cholate. Prior to these interaction studies it was 
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Figure 4.14 Electron transfer from electron donors to Fcc3 
The oxidation of the electron donor was followed spectrophotometrically at constant Fcc 3 but 
varying donor concentrations. The observed electron transfer rate constant (k Ob ) is plotted 
against the concentration of electron donor. 
In the case of CymA 0i the initial linear increase of observed rate constants could be 
fitted to a 2 nd  order rate constant of 19 ± 1 M 1 s 1 . The end of the linear area is 
shown by a dotted line in figure 4.14. The observed rate constants peaked at a 
CymA 01 concentration of 20 M. Interestingly, observed rate constants dropped at 
CymA 0i concentrations higher than 20 .tM. The deviation did not fit to a Michaelis-
Menten curve and could not be explained either by reversible dimerisation of the 
substrate CymA 0i to form an inactive complex or by a second inhibitory binding site 
on Fcc3 . Similar profiles were found in low salt buffer (50 mM NaCl, 50 mM Tris, 
pH 7.2) and in the presence of a 10-fold higher Fcc 3 concentration (data not shown). 
The reaction between native CyrnA and Fcc 3 was less efficient in terms of turnover 
since observed rate constants could be fitted to a 2 order rate constant of only 1.6 ± 
0.2 tM 1 s 1 . The shape of the turnover profile was similar to the CymA 01 profile 
which may suggest some form of substrate inhibition. The tenfold decrease in 
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observed rate constants between the native and the soluble form of CymA may be 
due to fewer contacts between the molecules. This assumption agrees with the fact 
that native CymA is part of micelles formed with sodium cholate and hence less 
available for protein-protein interactions; in contrast to CymA 01 which is not subject 
to these limitations. 
The reaction between CyniA 0i/native CymA and Fcc 3 is specific since no turnover 
was observed with Shewanella cytochrome c3 , a small low potential tetraheme 
periplasmic protein (Tsapin et al., 200 1) despite the reaction being 
thermodynamically favourable. 
In this chapter we have demonstrated how a soluble and the native form of CymA 
transfers electrons efficiently in vitro to the soluble fumarate reductase of S. 
oneidensis MR-I. 
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Chapter five: Phenotypic studies to elucidate the 
central role of CymA 
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5. 	Phenotypic studies to elucidate the central role of CymA 
In chapter 3 the characterisation of the soluble and the membrane bound form of 
CymA was reported. The reduction potentials indicate that CymA is a 
thermodynamically feasible electron donor for the soluble fumarate reductase, Fcc 3 . 
In chapter 4 the specific interactions between CymA and the fumarate reductase in 
vitro were demonstrated. In this chapter experiments were conducted to investigate 
whether the in vitro results on the role of CymA in flimarate respiration could be 
verified in vivo. A mutant of S. oneidensis MR-I, CMTn-1, generated by transposon 
mutagenesis (TnphoA) showed respiratory deficiencies with fumarate, nitrate and 
iron (III) (Myers et al., 1997a). It was demonstrated that the transposon insertion 
took place in the reading frame encoding for CymA. By studying the &ymA strain 
and the complemented strain expressing CymA 01 in vivo we hoped to gain insights 
regarding the role of CymA in different anaerobic respiratory pathways of S. 
oneidensis MR-I. 
5.1 	Introduction to developed phenotypic systems 
The full characterisation of the cymA knockout mutant strain required a phenotypic 
test system that would provide reproducible, unambiguous results in a short time 
period. Four of the five strains employed are shown in figure 5.1. During our 
complementation studies we also tested a menaquinol deficient derivative of S. 
oneidensis MR-1 (SR536). Saffarini et al. (2002) isolated and characterised SR536 
as having a transposon insertion in menB, a component of the menaquinol 
biosynthesis operon. 
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16.5 kDa 	 CymAsol  
6 kDa  
Figure 5.1 Phenotypic studies with different S. oneidensis MR-1 strains 
A 15 % SDS-PAGE was used to separate whole cell extracts. Gel was stained for c-type 
cytochromes. Arrows indicate presence of native CymA and CymA 1 . 
1 - marker, 2 - S. oneidensis MR-1, 3 - cymA knockout, 4 - CS21c, 5 - CS21c+IPTG 
The SDS-PAGE gel shown in figure 5.1 illustrates clearly the presence and absence 
of CymA and CymA 01. The indicated CymA band in the wild type strain (lane 2) is 
missing in the knockout strain (lane 3). On induction a heme band of the size of 
CymA 0i is visible in the complemented strain (lane 5). 
A small-scale test system was developed using glass bottles which hold 15 ml of 
medium. All strains were diluted in phosphate buffer to the same OD600  prior to 
inoculation. After inoculation with 200 .tl of culture (0D600-1 .0) the bottles were 
closed and sealed with paraflim to facilitate anaerobic conditions. The minimal 
medium was supplemented with amino acids, trace elements, one electron donor and 
one electron acceptor as listed in chapter 2. An example of the experiment using 
Fe(III) as substrate is shown in figure 5.2. 
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Figure 5.2 Small scale phenotypic experiment using Fe(Ill) as electron acceptor 
1-S. oneidensis MR-1, 2- cymA knockout, 3- CS21c, 4- CS21c+IPTG 
No optical density or colour changes were detected in bottles inoculated with the 
cymA knockout strain (2) or the urnnduced the CS2Ic strain (3). However, medium 
inoculated with S. oneidensis MR-i wild type strain or induced CS21c strain 
expressing CyniA 01 changed from yellow to pale green in colour indicating the 
reduction of the yellow iron(III) species. 
Initial screening suggested that sodium lactate was the most suitable electron donor 
based on relative growth rates and other literature reports (Nealson et al., 1990). 
Increasing the lactate concentration from 20 to 100 mM decreased the incubation 
period from four weeks to one week. At this stage the presence or absence of growth 
was determined by eye. This subjective quantification was split into 3 categories: no 
growth (-), possible growth (0) and definite growth (+). This rough classification was 
sufficient to identify trends. Table 5.1 summarises a typical screening experiment. 
Controls were always included. No electron acceptor was added in the negative 
control and initially TMAO and DMSO were used as positive controls. DMSO was 
found to be an unreliable positive control and was excluded from further experiments 
(for explanation see 5.4) 
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Table 5.1 Small scale screening experiment using 100 mM sodium lactate 
no growth (-), possibly growth (0) and definite growth (+) 
Time [d] 1 2 3 4 5 6 10 13 
MR-1, 20mM NaNO3 0 0 0 0 - 0 - - 
MR-1, 20mM Fumarate 0 + + + + + + + 
MR- 1, 20mM Fe(III) + + + + + + + + 
MR-1, 20mMDMSO 0 + + + + + + + 
MR-1, 20mM TMAO + + + + + + + + 
MR- 1, no electron acceptor - - - - - - - - 
zcA, 20 mM NaNO3 - 0 - - 0 0 - - 
AcymA, 20 mM Fumarate 0 0 0 - 0 - - - 
AcymA, 20 mM Fe(III) - - - + + + + + 
AcymA,2OmMDMSO 0 0 0 0 0 0 - - 
AcymA,2OmMTMAO + + + + + + + + 
AcymA, no electron acceptor - 0 0 0 0 - - - 
CS21c,20mMNaNO3 - 0 - - - - - - 
CS21c,20mMFumarate 0 0 - - - - - - 
CS21c, 20 	m Fe(III) - - - 0 + + + + 
CS21c, 20mM DMSO 0 0 0 - 0 0 - - 
CS21c,20mMTMAO + + + + + + + + 
CS2Ic, no electron acceptor - - - - 0 - - - 
CS21c +IIPTG, 20 mM NaNO 3 0 0 0 - - - - - 
CS21c+1PTG,20mMFumarate + + + + + + + + 
CS2Ic +IPTG, 20 	m Fe(HI) + + + + + + + + 
CS21c +IPTG, 20 mM DMSO 0 + + + + + + + 
CS21c±IPTG,20mMTMAO + + + + + + + + 
CS21c +IPTG, no electron acceptor - 0 - 0 0 0 - - 
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Once reproducible trends were obtained, a more precise quantification system for 
phenotypic studies was designed. 250 ml flasks were filled with 200 ml of 
supplemented minimal medium containing 100 mM lactate and one electron acceptor 
and were closed with a rubber seal. Filter-sterilised nitrogen was bubbled through 
these flasks for 30 minutes to ensure anaerobiosis. Each flask was inoculated in a 
Belle Technology glovebox at [02] of 1.5 ± 0.5 ppm with 2 ml of culture. 
Shewanella cultures were resuspended in phosphate buffer to an OD 600 of 1.0 prior to 
inoculation. Samples were taken in the anaerobic glovebox every 6-9 hours. The 
optical density at 600 nm and substrate concentrations were determined according to 
the protocols outlined in chapter 2. 
5.2 	Fumarate respiration in She wane/Ia oneidensis MR-1 
Shewanella possesses a different organisation for fumarate respiration compared to 
its bacterial relatives Escherichia coli and Wolinella succinogenes. Despite having 
gene copies of other proteins with fumarate reductase activity the periplasmic 
fumarate reductase, flavocytochrome C3 (Fcc3 ), has been established as the sole 
physiological fumarate reductase in S. oneidensis MR-i (Maier et al., 2003). Tsapin 
et al. (2001) have shown that this low-potential flavocytochrome is induced under 
anaerobic conditions and in the presence of the substrate fumarate. 
The membrane-associated tetraheme c-type cytochrome, CymA, has been implicated 
in electron transfer between quinols and the periplasmic fumarate reductase 
(Schwalb et al., 2002). This reaction may involve direct electron transfer from CymA 
to the soluble fumarate reductase or could be mediated by another, unidentified redox 
protein. In chapter 4 we have partially characterised the soluble fumarate reductase, 
Fcc3 , of S. oneidensis and demonstrated how a soluble form of CymA transfers 
electrons efficiently to the soluble fumarate reductase of S. oneidensis MR-i. In 
previous work with a cymA knockout strain, Myers etal. (1997a) showed the 
importance of CymA for respiration on fumarate, nitrate and Fe(III). 
Phenotypic studies were conducted to support our in vitro results. Figures 5.3 and 5.4 
summarise the growth curves and substrate depletion curves obtained for this time 
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course experiment. The supplemented minimal medium was enriched with 100 mM 
lactate and 50 mM fumarate. 
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Figure 5.3 Growth curves on 100 mM sodium lactate and 50 mM fumarate 
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Figure 5.4 Fumarate depletion curves for all four strains 
Fumarate was quantified as described in chapter 2. 
The growth data presented in figure 5.3 verify that the CymA knockout strain (blue 
filled squares), CMTn- 1, is unable to grow anaerobically with fumarate whereas the 
wild-type MR-i strain grows rapidly under these conditions. CMTn-1 harbouring the 
CymA 0i expression vector (strain CS2 1 c) failed to grow under non-inducing 
conditions. However, in the presence of IPTG this strain grew faster and to a higher 
final density than the wild-type strain. Optical density trends could be backed up by 
substrate depletion curves of similar shape as presented in figure 5.4. The SR536 
strain, deficient in menaquinol, displayed a behaviour similar to the CMTn-1 strain 
indicating a possible role of menaquinol as electron donor to CymA. 
These experiments confirmed the importance of CymA in fumarate respiration and 
they also showed that the expression of CymA 0j can complement a LcymA strain 
regarding fumarate respiration. 
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5.3 	Iron(III) respiration in Shewanella oneidensis MR-1 
One of the key processes in the carbon cycles of lakes and seas is the coupling of 
iron and manganese reduction with the oxidation of organic matter by metal reducing 
bacteria such as Shewanella (Myers et al., 1988, Nealson et al., 1994). Our 
investigations focused on the role of the membrane attached c-type cytochrome 
CymA from S. oneidensis MR-i in iron respiration. Knockout experiments showed 
that CymA is essential for iron respiration and is also involved in manganese 
respiration (Myers et al., 1997a). During our growth trials we tried to elucidate the 
role of the membrane anchor of CymA. As previously described a soluble form of 
CymA was generated and expressed after induction with i mM IPTG in the AcymA 
strain (CS21c±IPTG). In large-scale growth trials (see 5.1) S. oneidensis MR-1, the 
AcymA strain, CS21c and CS21c+IPTG were tested for growth with sodium lactate 
(100 mM) as an electron donor and Fe (III) as an electron acceptor (20 mM). The 
optical density was followed at 600 rim and the production of ferrous iron was 
quantified with the ferrozine assay as presented in figure 5.5 and 5.6. Ferric citrate 
was chosen as the iron(III) source since it was sufficiently soluble under the chosen 
growth conditions. 
- * MR-I 	- AcymA 	 CS2 Ic 	CS2 I c±IPTG 
Figure 5.5 Growth curves on 100 mM sodium lactate and 20 mM ferric citrate 
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Figure 5.6 Generation of ferrous iron as a result of ferric iron reduction 
Ferrous iron concentrations were plotted against the time course of this phenotypic study. 
Measurements were performed in triplicates with error bars as shown. 
The time course data (figure 5.6) show a low final optical density after 80 hours for 
the strains which grew under these conditions (MR-I, CS2 1 c+J1PTG). Data at such 
low densities might have a considerable experimental error. Growth trends as seen in 
figure 5.5 could be backed up with simultaneous quantification of ferrous iron 
production as shown in figure 5.6. These quantification experiments take only 
soluble ferrous iron into account since test solutions were filtered prior to the 
ferrozine assays. The possibility that iron could be bound in any form to the cells or 
could have precipitated as carbonates may explain why only 15 mM of ferrous iron 
was found after 80 hours. 
Growth trials and ferrous iron production confirmed the importance of Cym.A in iron 
respiration since the knockout strain did not grow and almost no ferrous iron was 
produced after 80 hours. The wild type MR-i strain started growing and producing 
ferrous iron after 20-30 hours and the stationary growth phase was reached after 40-
50 hours. The uninduced CS21c strain showed similar behaviour to the knockout 
strain, however the growth curve and ferrous iron production of the CymA 0i 
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producing strain was comparable to the wild type MR-i strain. These results suggest 
that the membrane anchor of CyniA is not essential for its role in iron respiration. It 
seems likely that CymA 0i may function in a similar manner to the membrane 
attached form in vivo, which suggests that the predicted transmembrane helix does 
not play a crucial role in the interactions between menaquinol or methylmenaquinone 
and the heme groups of CymA. Unless another, yet unidentified, redox protein is 
involved in this electron transfer, it appears that close proximity of one of the hemes 
to the membranous quinol pool is sufficient to transfer electrons onto CyinA. 
Unfortunately, no crystal structure is available to prove this proposal. 
It has been confirmed that CymA is crucial for respiration of S. oneidensis MR-i on 
ferric iron and it has been demonstrated that the soluble form of CymA can 
complement a AcymA strain regarding the respiration on ferric iron. The focus of this 
study was not to investigate whether cells transfer electrons directly to ferric iron or 
through mediated extracellular quinones. Since ferric iron was added in a soluble 
form, unlike naturally occurring insoluble species such as FeOOH and Fe(OH) 3 it is 
thought that in our experiments electron transfer was most likely of a direct nature. 
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5.4 DMSO/TMAO respiration in Shewanella oneidensis MR-1 
TMAO respiration has already been extensively characterised in Shewanella 
massilia. The 16S rRNA sequence comparison shows that S. massilia is 96.8 % 
identical to S. oneidensis MR- 1 (Dos Santos et al., 1998). We included TMAO as a 
substrate in our phenotypic studies to confirm the independence of the TMAO 
pathway from the tetraheme CymA. Additionally, we were hoping to use TMAO as a 
positive control in our growth trials with other substrates. 
Our small-scale trials with sodium lactate as an electron donor and TMAO as an 
electron acceptor showed significant growth after 1-2 days of incubation at 23 °C for 
all Shewanella strains. No difference in optical density was observed between the S. 
oneidensis MR-1 wild type strain and the AcymA strain. All bottles of culture 
smelled of TMA after opening. Since these results were reproducible and consistent 
with results from other groups (Myers et al., 1997a) no further large-scale trials were 
conducted. 
Information on genes involved in TMAO reduction retrieved from the Tigr website 
(www.tigr.org) was in agreement with results obtained from S. massilia and E. coli. 
Figure 5.7 illustrates the tor operon of S. oneidensis MR-1. 
r ' - k 	torT 	tors 	torD 	torA 	torC 	torE 
Figure 5.7 tor operon of S. oneidensis MR-1 
The same gene arrangement as described in figure 5.7 is present in S. massilia (Dos 
Santos et al., 1998) and sequence comparison between an E. co/i strain and S. 
oneidensis MR-1 shows the high similarity between gene products (table 5.2). 
According to these practical and bioinformatical results TorC transfers electrons 
from ubiquinol to TorA and CymA does not play a role in TMAO reduction in S. 
oneidensis MR- 1. S. oneidensis MR-i possesses a system for TMAO reduction very 
similar to that found in the close relative S. massilia and E. co/i. 
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Table 5.2 Sequence comparison of gene products of the tor operon between S. 
oneidensis MR-1 and E. coil K12-MGI 655 (ww.tigr.org ) 
S. oneidensis MR-i gene products Identity [%] Similarity to E. coli K12 [%] 
TorE 
TorC 37.9 61.3 
TorA 52.7 70 
TorD 38 61.4 
TorS 30.6 53.2 
TorT 25.3 60.7 
TorR 55.8 72.7 
Prior to our investigations little was known about DMSO respiration pathways in S. 
oneidensis MR-I. Two DMSO systems with distinct modes of electron delivery have 
been introduced in chapter 1. In the case of the dms operon of E. coli the integral 
membrane protein DmsC and the four 4Fe-4S cluster protein DmsB are involved in 
electron transfer. However, the Rhodobacter system possesses the membrane 
attached pentaheme DorC instead of DmsB and C. 
By including the substrate DMSO in our phenotypic studies we examined the 
possible role of CymA in DMSO respiration. During our small scale studies we 
obtained results indicating that the AcymA strain was not able to grow with sodium 
lactate as the electron donor and DMSO as the electron acceptor. The S. oneidensis 
MR-i wild type strain and the induced CS2 1 c, however, showed growth after a 
couple of days. In large-scale growth trials (see 5.1) wild type MR- 1, the &ymA 
strain, C52 Ic, CS2 1 c+[PTG and SR536 were tested for growth on sodium lactate 
(100 mM) and DMSO (50 mM). The optical density was followed at 600 nm (see 
figure 5.8) but unfortunately no method was found to accurately quantify the 






0 time [hr] 
0 	25 	50 	75 	100 	125 	150 	175 
• MR-1 • AcyrnA 	CS21c • CS21c±IPTG 	SR536 
Figure 5.8 Growth curves of S. oneidensis MR-1 strains with DMSO as the sole 
electron acceptor 
The time course data show that even after 160 hours no growth occurred in the flasks 
inoculated with the icymA strain, CS21c and SR536 (see figure 5.8). The S. 
oneidensis MR-i wild-type and the induced CS2 1 c strain started to grow after 50 
hours. Both strains behaved identically and peaked at a final optical density of- 0.2. 
It appears that the &ymA mutant was defective in DMSO respiration but the defect 
could be complemented by the expression of CymA 0i (CS2 1 c+IPTG). CymA was 
previously shown to be required for respiration with fumarate, nitrate and Fe(III), but 
not TMAO (Myers et al., 1997a). Our investigations of the cymA knockout strain 
have shown that this protein is also an essential component in the electron transfer 
pathway to DMSO. 
The menaquinol deficient derivative of MR-i (SR536) behaved like the cymA 
knockout strain. This supports the results that menaquinol is required for respiration 
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with DMSO in S. oneidensis but not with TMAO (Saffarini et al., 2002). It thus 
appears that DMSO respiration requires menaquinol (or a modified low-potential 
derivative) and CymA, whereas TMAO respiration requires ubiquinol and TorC. 
Analysis of the S. oneidensis genome sequence revealed the presence of two DmsA 
and DmsB homologues, each encoded in a small operon, but intriguingly no 
homologues of DmsC were found (www.tigr.org ) as shown in figure 5.9. 







DmsB2 DmsA2 	MtrB homologue MtrA homologue 
S01430 S04358 S04359 	 S04360 
Figure 5.9 Presence of two possible operons involved in DMSO respiration in the S. 
oneidensis MR-1 genome 
Sequence alignments using DmsAl (SO 142), DmsA2 (S04358), DmsBl (SO 1429) 
and DmsB2 (S04357) as templates were conducted employing the tigr website to 
screen for related proteins. The search results are summarised in tables 5.3 and 5.4 
The top hits are all members of the y-proteobacteria family. Interestingly, the 
comparison of the DmsA subunits showed that DmsAl is more like other DMSO 
reductases than DmsA2. This might suggest different substrate specificity for the 
DmsA2 enzyme. However, no significant differences were found in the iron-sulfur 
cluster subunits. This could be explained by the fact that these proteins are relatively 
small and accommodate four 4Fe-4S cofactors which leaves them with little space 
for different polypeptide arrangements. 
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Table 5.3 Amino acid sequence comparisons using DmsAl and DmsA2 as templates; 
percentages for identity and (similarity), orf specifications [] 
DmsAl DmsA2  
DmsAl 100% (100%) 37.4% (57.6%)  
Shewanella oneidensis MR-i { S014291 
DmsA 46.6% (62.9%) 39.2% (57.6%) 
Escherichia coil 0157:117 VT2-Sakai [ECs09791  
DmsA 45.4% (62.8%) 38.4% (56.6%) 
Yersiniapestis C092 [YP03325] 
DmsA 45.4% (62.2%) 39.1% (57.1%)  
Salmonella enterica serovar Typhi CT 18 STY0962 
DmsA 45.3%(64.5%) 38.5% (55.1%)  
Salmonella typhimurium LT2 SGSC1412 STM4305 
DmsA 44.2% (62.6%) 37.9% (57.0%) 
Pasteurelia rnulrocida PM70 [PM 1754] 
DmsA2 37.4% (57.6%) 100%(100%)  
Shewanella oneidensis MR-1 [S04358] 
Table 5.4 Amino acid sequence comparisons using DmsBl and DmsB2 as templates; 
percentages for identity and (similarity), orf specifications [] 
DmsBi DmsB2  
DmsBi 100% (100%) 64.5% (78.7%)  
Shewanella oneidensis MR-i [SO 14301 
DmsB2 64.5% (78.7%) 100%(100%)  
Shewanella oneidensis MR-1 [S043571 
DmsB 60.9% (74.4%) 56.6% (75.1%)  
Yersiniapestis C092 1YP033241 
DmsB 60.1% (71.6%) 53.1% (69.1%)  
Pasteurella ,nultocida PM70 [PM17551 
DmsB 5 9.7% (73.3%) 54.6% (73.2%)  
Salmonella enterica serovar Thi CT1 8 [STY0963] 
DmsB 58.5% (72.5%) 54.6% (73.7%) 
Escherichia coli 0157:117 VT2-Sakai [ECsO98O] 
DmsB 57.3% (70.4%) 57.2% (73.6%) 
Salmonella lyphi,nurium LT2 SGSCI412 [STM4306] 
It can be envisaged that CymA delivers electrons directly to the DmsB subunit of 
DMSO reductase. If this is the case the DMSO reductase system in S. oneidensis can 
be considered a hybrid consisting of features of the two well characterised systems 
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Figure 5.10 DMSO respiration in Shewanelia oneidensis MR-1 compared to 
Rhodobactersp. and E. coil 
At present it is not known whether CymA interacts with the complex DmsAB1 or 2 
or with both. Since no DmsC or DorC is present in S. oneidensis MR-i it appears 
that CymA interacts with menaquinol but it needs the DmsB subunit to transfer 
electrons to the active subunit DmsA. In the case of DorC the additional fifth heme 
group covers this role. Evidence suggest that in E. coil DmsC hosts the menaquinol 
molecule which reduces the iron-sulfur cluster protein DmsB (Rothery et al., 1996). 
DmsC could be compared in function with CymA and the N-terminus of DorC. 
Two more genes are found in these dms operons. Open reading frames SO 1427 and 
S04360 encode a homologue of MtrA, a decaheme c-type cytochrome associated 
with the outer membrane and implicated in metal-reduction (Beliaev et al., 1998) 
whereas MtrB homologues, S01428 and S04359, appear to encode b-type 
cytochromes which are located to the outer membrane (D. Richardson, personal 
communication). The possible role of the products of these reading frames in DMSO 
respiration is unclear. 
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5.5 	Nitrate/Nitrite respiration in Shewanella oneidensis MR-1 
The genome sequence of S. oneidensis MR-i reveals the presence of a napDAGHB 
operon and the absence of nar operons. In comparison to E. coli, Shewanella is 
missing the napC and F genes. The NapC protein acts in E. coli as a mediator 
between the quinol pool and the periplasmic NapAB complex (Berks et al., 1 995b). 
Since Myers et al. (I 997a) have demonstrated that the membrane associated 
tetraheme CymA is essential for the reduction of nitrate in Shewanella it appears that 
CymA substitutes for NapC. Phenotypic studies on nitrate respiration have not been 
included in this work. 
We examined the possibility that CymA may also be involved in respiration with 
nitrite. In small scale phenotypic studies we tested the AcymA strain for deficiency in 
nitrite respiration. 15 ml glass bottles were filled with minimal medium, trace 
elements and amino acids (see chapter 2). Sodium lactate (100 MM) was added as the 
electron donor and potassium nitrite (250 tM) as the terminal electron acceptor. The 
following strains were included in this study: S. oneidensis MR-i wild type, tcyinA 
strain, the induced CS21c strain and the menaquinol deficient SR536 strain. For each 
time point three bottles were opened and the nitrite concentration was determined as 
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Figure 5.11 Nitrite reduction in different S. oneidensis MR-1 strains 
As optical density measurements showed no growth with any strain during these 
studies substrate utilisation was measured instead. Since nitrite is toxic to cells only 
small concentrations could be used. Growth might have occurred in a fed-batch 
experiment but it could also be the case that nitrite respiration is not well coupled to 
energy generation in S. oneidensis MR-i. We tested the ability of the cymA knockout 
strain to utilise nitrite. The AcymA mutant was defective in nitrite reduction but the 
defect is complemented by expression of CyrnA 01 . Nitrite was consumed only about 
half as fast by the complemented mutant compared with wild type MR-1. During our 
complementation studies we also tested a menaquinol deficient derivative of MR-i 
(SR536). SR536 was, like CMTn-1, unable to reduce nitrite (figure 5.11) indicating 
as already discussed in 5.2 a possible role for menaquinoi in reducing CymA. 
The S. oneidensis genome encodes a homologue of NrfA (S03980) with 79.3% 
similarity to NrfA from E. coli. Electrons are delivered to NrfA in W. succinogenes 
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by the membrane bound tetraheme c-type cytochrome Nrf}I (Simon et al., 2000), a 
homologue of CymA, and in E. coli by the NrfBCD pathway (Hussain et al., 1994). 
Shewanella possesses no NrfH or NrIBCD homologues that might be co-transcribed 
with NrfA. Since our results implicate CymA in nitrite reduction in Shewanella we 
propose that the role of NrfFI is taken by CymA in transferring electrons from 
menaquinols to the periplasmic NrfA nitrite reductase. 
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6. Final discussion and future work 
S. oneidensis MR-i possesses extreme flexibility in the use of terminal electron 
acceptors. This versatility qualifies the organism for potential applications as a 
bioagent in bioremediation. Thus far little is known of how S. oneidensis MR-i 
regulates gene expression in order to adapt to environmental changes. E. coli serves 
as a model organism since gene regulation and many respiratory branches are well 
understood. The elucidation of the genome sequence of S. oneidensis MR-i will 
prove useful in identifying homologues with known functions in other organisms, for 
instance the potential respiratory regulator etrA, a homologue of E. colifnr. The 
genome encodes 39 c-type cytochromes, including a surprising number of gene 
duplications, and hence an important role has been assigned to this large number of 
cytochromes, many of which are unique to this organism, in the respiratory 
flexibility of S. oneidensis MR-i. It is essential to understand more of how these 
cytochromes contribute to the properties of this metal-reducing strain. Some 
cytochromes have already been characterised such as the small tetraheme c3 , which is 
involved in iron respiration, and the fumarate reductase, flavocytochrome C3. In this 
work, as part of our ongoing investigations into S. oneidensis MR-i remarkable 
respiration system, the role of the tetraheme c-type cytochrome CymA has been 
studied. 
CymA is attached to the cytoplasmic membrane by one predicted transmembrane 
helix. The bulk of the protein, including the four c-type heme, is facing the 
periplasm. CymA is, based on amino acid sequence alignments, a member of the 
NapC/NirT family which mediates the electron transfer between the quinone pool 
and terminal reductases. 
A soluble form of CymA, CymA 01 , was generated using a PCR approach to simplify 
biochemical characterisation and interaction studies with the soluble fumarate 
reductase. The hydrophobic N-terminus of CymA was substituted with the signal 
sequence of the periplasmic fumarate reductase (Fcc 3 ) plus the first three amino acids 
(ADN) of mature Fcc 3 to ensure cleavage of the signal sequence. Potentiometric 
titrations of purified CymA 01 and native CymA showed similar potentials ranging 
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between -150 and -320 mV indicating that the truncation had little effect on the 
thermodynamic properties. These potentials are typical for class III c-type 
cytochromes having only bis-histidine ligated heme groups (Pettigrew et al., 1987). 
No crystal structure of any member of NapC/NirT family has been solved so far. 3-D 
structure information on CymA would allow insights on interactions with electron 
transfer partners and possible target amino acid residues for site-directed 
mutagenesis could be identified. Crystallisation trials are ongoing using CymA, 
native CymA and a specially designed Fcc3-CymA 0i fusion protein. 
Crystal structures for both soluble fumarate reductases from S. frigidimarina 
NCIMB400 and S. oneidensis MR-i are available showing high structural 
similarities between the enzymes which is not surprising since their amino acid 
sequences are 60% identical. Thermodynamic properties are generally similar with 
the heme potentials of the MR-i enzyme being slightly higher than the ones 
published for the NCIMB400 enzyme. Interestingly, the kinetic properties of these 
two enzymes vary significantly. Fcc 3 from S. oneidensis MR- 1 possesses a keat of 
2930 ± 64 s at the pH optimum of 8.5, whereas the well characterised 
S. frigidimarina NCIMB400 enzyme has a kcat of 658 ± 34 s_ I at the pH optimum of 
6.0. Structural comparisons gave no explanations to why the MR-i enzyme is 
specialised on fast substrate turnover accepting the decrease in substrate binding 
specificity, whereas the NCIMB400 enzyme is slower in turning the substrate over but 
binds it more tightly. Although the kinetics are poised differently, these two enzymes 
possess similar overall efficiencies. 
Interaction studies between CymA 0i and the soluble fumarate reductase from 
S. oneidensis MR-i showed an observed second order rate constant of 19 tM 1 s 
which demonstrates the high efficiency of electron transfer between these partners in 
vitro. Studies conducted with native CymA showed a tenfold slower observed second 
order rate constant which could be explained by the fact that CymA is present in 
micelles and hence less accessible for collisions with Fcc 3 . 
Our results demonstrate that these two redox proteins interact but further studies are 
needed which look into the formation of the complex. Presuming the complex between 
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CymA and Fcc3 is stable enough it should be possible to detect it on a native PAGE 
gel or by crosslinked immunoprecipitation. Experiments based on light scattering 
effects or surface plasmon resonance technology could produce more information on 
the specific interactions between these two proteins. BlAcore instrumentation includes 
the covalent binding of one component to the sensor surface and the recording of a 
sensorgram in the presence of the second component. 
Phenotypic studies were undertaken to explore whether the obtained in vitro results 
have any significance in vivo. CymA was previously shown to be required for 
respiration with fumarate, nitrate and Fe(III), but not TMAO (Myers et al., 1997a). 
Complementation studies of a AcymA defective strain showed that CymA 01 can 
compensate these respiratory defects. These phenotypic studies also revealed CymA 
as an essential protein in the electron transfer pathway to DMSO and nitrite. 
CymA is therefore a key component in the branched respiratory pathways of 
Shewanella, supplying electrons to at least five different terminal reductases (figure 
6.1). The pathway leading to iron(III) reduction on the outer membrane is still not 
fully understood and remains speculative until further evidence is produced. 
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Figure 6.1 The central role of CymA in anaerobic respiration of S. oneidensis MR-1 
Arrows indicate electron transfer. Proton translocation has not been taken into account for 
this model. 
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The S. oneidensis MR-i genome revealed that CymA and TorC are the only 
NapCfNirT members present. Studies conducted in S. massila showed that TorC 
interacts with ubiquinol and the molybdenum-containing enzyme TorA catalysing 
the reduction of TMAO. Interestingly, E. coli possesses individual subunits, for 
instance NapC, TorC, NrfB, DmsC and FrdCD, that deliver electrons to the active 
enzyme subunits, whereas S. oneidensis MR-i only uses CymA and TorC to interact 
with these different terminal reductases. It is thus conceivable to speculate that S. 
oneidensis is older than E. coli and that there is an ancestor with only one member of 
this protein family. On the other hand it could also be a case of evolution converging 
to one 'super'—member of this family leaving S. oneidensis MR-i as the younger 
species. 
Future work should look into increasing the quantity and quality of CymA and 
CymA 0i by simplifying the purification procedures. This might be achieved by 
cloning a cleavable tag to the gene constructs. The reasons for undertaking this work 
are to allow us to: 
. obtain a crystal structure which would be a major step towards understanding 
interactions with electron transfer partners. In addition key residues, proposed 
on the basis of the structure, could be probed by employing site-directed 
mutagenesis. 
• conduct further interaction studies between CymA and NapAB or DmsAB 
complexes which could help to validate the above proposed model. 
• conduct further studies on the complex formation of CymA and Fcc 3 
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Abstract 
Shewanella spp. demonstrate great variability in 
the use of terminal electron acceptors in anaerobic 
respiration; these include nitrate, fumarate, 
DMSO, trirnethylamine oxide, sulphur corn- 
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cytochrome C3 , haem, truncated CymA. 
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deleting the sequence encoding the first 35 amino acids of CymA); 
Fcc3, flavocytochrome c 3 . 
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pounds and metal oxides. These pathways open 
up possible applications in bioremediation. The 
wide variety of respiratory substrates for Shewan-
ella is correlated with the evolution of several 
multi-haem membrane-bound, periplasmic and 
outer-membrane c-type cytochromes. The 21 kDa 
c-type cytochrome CymA of the freshwater strain 
Shewanella oneidensis MR-1 has an N-terminal 
membrane anchor and a globular tetrahaem pen-
plasmic domain. According to sequence align-
ments, CymA is a member of the NapC/NirT 
family. This family of redox proteins is re-
sponsible for electron transfer from the quinone 
© 2002 Biochemical Society 	 658 
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pool to periplasmic and outer-membrane-bound 
reductases. Prior investigations have shown that 
the absence of CymA results in loss of the 
ability to respire with Fe(III), fumarate and 
nitrate, indicating that CymA is involved in 
electron transfer to several terminal reductases. 
Here we describe the expression, purification and 
characterization of a soluble, truncated CymA 
('CymA). Potentiometric studies suggest that 
there are two pairs of haems with potentials of 
—175 and —261 mV and that 'CymA is an 
efficient electron donor for the soluble fumarate 
reductase, fIavocvtochrome c3 . 
Introduction 
Shewanella spp. have recently attracted consider-
able interest due to their potential application in 
bioremediation and metal leaching [1]. This ex-
tremely versatile genus is capable of coupling 
metal oxide reduction to the oxidation of organic 
carbon [2] and plays a major role in carbon cycling 
of freshwater sediments [1]. Classic examples of 
metals that form insoluble oxides and oxo-
hydroxides are iron and maganese. Due to their 
insolubility, direct contact with bacterial cells has 
to occur to allow electron transfer. Shewane/la 
appears to have overcome this problem by forming 
a multi-haem 'wire', consisting mainly of c-type 
cytochromes, from the inner to the Outer mem-
brane, enabling it to transfer electrons to insoluble 
metal oxides on the outer membrane [3]. Under-
pinning this molecular 'wire' theory, it was found 
that the cytochrome distribution in anaerobically 
grown Shewanel/aputrefacjens MR-I shows a large 
number of c-type cytochrornes that are localized in 
the outer membrane [4]. 
The genome sequencing project of Shewanella 
oneidensis MR-1 is almost complete, and about 
40 c-type cytochrornes have been identified 
(www.tigr.org ). This is in contrast with just seven 
found in Escherichia co/i. Clearly, Shewane/la has 
an extraordinary respiratory system that allows 
respiration on a wide range of different substrates 
in the absence of oxygen and involves proteins 
that are peculiar to this genus, such as the 
unique soluble periplasrnic fumarate reductase of 
Shewanella frigidimarina NC I MB400 [5]. 
CymA is the link between the 
membrane quinone pool and 
periplasmic terminal reductases 
CymA is a membrane-bound c-type cytochrome 
with a calculated size of 20.8 kDa. It contains four 
low-spin haems, each with a bis-His axial ligation 
[6]. CymA possesses the common structural 
features of the NapC/NirT family, which are an 
N-terminal transmernbrane a-helical anchor and a 
globular tetrahaem periplasmic domain. Simon et 
al. [7] have demonstrated in liposomal membrane 
experiments that NrfH, a member of the NapC/ 
NirT family, mediates electron transfer between 
2,3-dimethv1-1,4-naphthoqujnol and NrfA, a 
periplasmic nitrite reductase of Wolinella succino-
genes. The cvtochrome be, complex is also capable 
of quinol oxidation, but members of the NapC/ 
NirT family form an alternative route to the be 1 
complex and are generally more widespread in 
Proteobacteria [8]. 
The cymA-knockout experiments of Myers 
and Myers [6] provided evidence that CymA is 
essential in the reduction of nitrate, iron(III), 
manganese(IV) and fumarate, but not for the 
reduction of trimethylamine oxide. Figure 1 out-
lines a general model of the possible electron 
pathways based on these observations. 
This model is restricted to the possible elec-
tron pathways, and does not take proton trans-
location into account. The electrons enter the 
quinone/quinol pool via a membrane-bound de-
hydrogenase (e.g. NADH:quinone oxidoreduct-
ase). Reduction of CymA could occur by several 
possible mechanisms, either directly or indirectly. 
Direct reduction of CymA might take place at 
position a or b (Figure 1). Position a would imply 
an electron transfer via the anchor, whereas pos-
ition b would suggest that one haerri group comes 
in close proximity to the membrane to enable 
electron transfer between a quinone molecule and 
CymA. An indirect electron transfer via an integral 
membrane protein (protein Y in Figure 1) might 
also occur, but so far no such protein has been 
identified. Once CymA is reduced, again a direct 
or indirect (via protein Z; Figure 1) transfer of 
electrons to the final reductases is possible. The 
simplest model is that CvmA forms a platform 
which reaches into the periplasm and allows 
various terminal reductases to dock on to and take 
up electrons from the quinone pool [6]. Another 
model, exclusively for the reduction of iron on the 
outer membrane, postulates that CymA is reduced 
by menaquinol in the cytoplasmic membrane. 
CymA then transfers electrons directly or in-
directly to MtrA, a periplasmic decahaem cyto-
chrome, from where they are passed on to another 
decahaem cytochrome, MtrC. MtrC may be a 
lipoprotein, and appears to be located in the outer 
membrane, where it could be a component of the 
terminal ferric reductase. MtrB is postulated to 
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Figure I 
Diagram of a cross-section of the cytoplasmic membrane from S. oneidensis 
MR-I showing the possible electron pathway mediated by CymA 
Key: a, site a of possible electron transfer; b. site b of possible electron transfer; e. electron: 
Q, oxidized qulnone; QH2, reduced quinone; X, oxidized cytoplasmic electron donor; 
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support cell contact with insoluble metals. It has 
been proposed that MtrA, MtrB and MtrC could 
also play a role in the reduction of Mn(IV) [9-11]. 
How are electrons transferred from CymA to 
fumarate reductase? This reaction may involve 
direct electron transfer from CymA to the soluble 
fumarate reductase, or could be mediated by 
another, unidentified, redox protein. Electrons 
enter fumarate reductase through a tetrahaem 
c-type cytochrome domain and are transferred to 
the FAD at the active site for substrate reduction. 
The haem groups in the soluble fumarate reduct-
ase have low reduction potentials in the range 
- 126 to —295 mV, making reduction of fumarate 
(+30 mV) favourable overall [12,13]. 
Design of a soluble form of CymA 
To simplify biochemical characterization, we de-
signed a soluble form of CymA from Shewanella 
oneidensis MR-1. The genetically modified form of 
CymA, named 'CymA, was constructed by de-
leting the sequence encoding the first 35 amino 
acids of CymA, which form the hydrophobic 
anchor [14]. These were replaced by the leader 
sequence of flavocytochrome c 3 (Fcc 3) from 
Shewanellafrigidimarina NCIMB400 and the first 
three amino acids of the mature Fcc 3 protein. The 
purpose of this replacement was to direct the pro- 
tein to the periplasm, where it would be re-
leased in soluble form after removal of the leader 
peptide. This fcc 3 '— 'cymA construct was cloned 
into the broad-host-range expression vector 
pMMB503EH [15] and expressed in Shewanelia 
oneidensis l'vIR-l. 
Expression and purification of 'CymA 
Shewanella oneidensis MR-1 harbouring the 
'CymA-encoding plasmid (CS21a) was grown 
microaerobjcallv to a D600 of 0.7 at 23 °C, and 
was then induced with 0.5 mM isopropyl fl-D-
thiogalactoside. After 18 h the cells were harvested 
and a periplasmic extraction, including osmotic 
shock and EDTA treatment, was performed [16]. 
The periplasmic extract was loaded on to a weak 
anion exchanger (DE52; Whatman) equilibrated 
with 50 mM Tris, pH 8.0, and the 'CymA-
containing fraction was eluted with 0.1 M NaCl. 
This fraction was then loaded on to a Q-Sepharose 
column (Pharmacia Biotech) equilibrated with 
10 mM Tris, pH 7.4, and elution followed using a 
salt gradient of 0-1.0 M NaC1. The final step was 
a size-exclusion chromatography. The Sepharose 
Superdex 75 column (Pharmacia Biotech) was 
equilibrated beforehand with a buffer containing 
10 m NaCl and 10 m Tris, pH 8.0. SDS/ 
PAGE analysis is shown in Figure 2. 
N-terminal sequencing confirmed the ident-
ity of 'CymA and showed that the leader sequence 
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Figure 2 
SDS/PAGE analysis (15% gel) of the purification stages 
of 'CymA using silver stain 
Lane I. prestained protein markers lane 2. penplasm: lane 3, peak 
fractions after DE52; lane 4, after Q-Sepharose column: lane 5, 










of Fcc3 was cleaved at the expected site. The 
calculated molecular mass for 'CymA is 19752 Da, 
and the mass obtained by electrospray MS was 
19760±3 Da. 
'CymA functions as an electron donor 
for the fumarate reductase of 
Shewanella oneidensis MR. I 
Redox potentiornetrv of 'CvmA by conventional 
methods showed that the haem groups titrated at 
low potential, but individual haem potentials 
could not be resolved. Data obtained from re-
peated redox titrations, using dithionite and 
ferricyanide as the reducing and oxidizing 
agents respectively, could be fitted to two pairs of 
haems having midpoint potentials of —175 and 
—261 mV (Figure 3). 
Figure 3 
Conventional potentiometry using 15 pM 'CymA 
400 	-400 	-300 	-200 	.130 	0 	13) 	200 
alecirode potential ImVl 
CymA is thought to be the link between the 
quinone pool and the periplasmic fumarate re-
ductase or other terminal reductases in Shewanella 
[6]. It is not known whether electron transfer 
occurs directly or indirectly, but the Fcc 3 cyto-
chrome domain is organized in such a fashion that 
at least three of its four haems are highly exposed 
to the solvent [12]. Fcc3 from Shewanella oneidensis 
MR-1 and Shewanella frigidimarina NCIMB400 
share sequence identity of 59 0/0', which suggests 
that their haem potentials will be similar [17]. The 
haem potentials for the Shewane/la frigidimarina 
NCIMB400 enzyme are —126, —182, —225 and 
—295 mV [18]. According to these potentials, 
electron transfer is possible from 'CymA to Fcc 3 
from both Shewanella species. In order to test this 
hypothesis, we measured fumarate-dependent 
oxidation of reduced 'CymA under steady-state 
conditions. 'CymA was reduced with dithionate. 
The absorbance at 552 nm was monitored, and 
initial turnover rates showed that 'CymA was 
transferring electrons almost as fast as methyl 
viologen to fumarate reductases from both 
Shewanella oneidensis MR-1 and Shewanella frigi-
dimarina NCIMB400. More kinetic experiments 
are needed to confirm these initial results, and 
studies of Km and k e , t values under different 
conditions will be performed. 
Conclusions 
We have demonstrated that 'CymA, a truncated 
form of CymA, is able in vitro to supply electrons 
to the periplasmic fumarate reductase. To find out 
more about the in vivo function of CymA, we 
transformed a cymA knockout strain of Shewanella 
oneidensis MR-1 with a plasmid harbouring the 
fcc3 '—'cymA construct. In a series of growth 
experiments we are testing the complemented 
cymA knockout strain for its ability to grow on 
different electron acceptors. Based on these 
studies, we hope to gain information regarding the 
role of the anchor in electron transfer. 
We thank Stuart L Rivers and Lea-Ann Kirkham for performing 
the initial cloning steps. We are grateful to the Darwin Trust for 
their support of this work. 
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Comparison between the nitric oxide reductase family and its aerobic relatives, 
the cytochrome oxidases 
S. de Vries*' and I. Schradert 
*Department of Biotechnology, Delft University of Technology, 2628 BC Delft, The Netherlands and f Department 
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Abstract 
The denitrification pathway has been studied in 
the hypertherrnophilic archaeon Pyrobaculum 
aerophi/um. In contrast with Gram-negative bac-
teria, all four denitrification enzymes are mem-
brane-bound. P. aerop hi/urn is also the only 
denitrifyer identified so far in which menaquinol 
is the electron donor to all four denitrification re-
ductases. The NO reductase (NOR) of P. aerophi-
lum belongs to the superfamily of haem—copper 
oxidases and is of the qNOR (quinol-dependent) 
type. Three types of NOR have been purified 
so far: cNOR (cytochrome c/pseudoazurin-
dependent), qNOR and qCuNOR (qNOR that 
contains Cu,, at the electron entry site). It is pro-
posed that the NORs and the various cytochrome 
oxidases have evolved by modular evolution, in 
view of the structure of their electron donor sites. 
qNOR is further proposed to be the ancestor of 
Key words: denitrification pathway, evolution, haem-copper 
oxidases, Pyrobaculum oerophilum. 
Abbreviations used: MQH 2. menahydroquinone (menaquinol); 
NAP. nitrate reductase; NIR nitrite reductase: NOR, NO 
reductase; cNOR, cytochrome dpseudoazurin-dependent NOR: 
qNOR. quinol-dependent NOR: qCuNOft qNOR that contains 
CuA at the electron entry site: N 20R. N20 reductase. 
To whom correspondence should be addressed (e-mail 
s.devries@tnw.tudelf.nl ). 
all NORs and cytochrome oxidases belonging to 
the superfamily of haern—copper oxidases. 
A variety of redox chains 
Denitrification represents an alternative to oxygen 
respiration as means of generating a proton motive 
force. While oxygen respiration is universally 
found in Eukarya and Prokarya, denitrification is 
an anaerobic, prokaryotic pathway. The denitri-
fication pathway has been studied extensively in 
Gram-negative Proteobacteria such as Paracoccus 
denitrificans and Pseudomonas stutzeri [1-10]. In 
this article we compare the aerobic and denitri-
fication respiratory electron transfer chains, in an 
attempt to elucidate how the two pathways may 
have evolved. 
Under aerobic cell growth conditions, re-
ducing equivalents generated in metabolism enter 
a respiratory chain composed of the proton-
pumping NADH dehydrogenase or alternative 
electron -donating dehydrogenases. The electrons 
then flow via a quinone pool to the cvtochrome bc 1 
complex, cytochrome c and the cytochrome c 
oxidase, the latter acting as a terminal oxido-
reductase [11-18]. In denitrification, cytochrome 
c oxidase is absent, and instead four reductases act 
as terminal reductases: nitrate reductase (NAR), 
nitrite reductase (NIR), NO reductase (NOR) and 
N 20 reductase (N 20R). The combined activity 
© 2002 Biochemical Society 	 662 
Biochemistry 2003, 42, 9491-9497 	 9491 
The Tetraheme Cytochrome CymA Is Required for Anaerobic Respiration with 
Dimethyl Sulfoxide and Nitrite in Shewanella oneidensist 
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ABSTRACT: The tetraheme c-type cytochrome, CymA, from Shewanella oneidensis MR-1 has previously 
been shown to be required for respiration with Fe(llI), nitrate, and fumarate [Myers, C. R., and Myers, J. 
M. (1997) J. Bacteriol. 179, 1143-1152]. It is located in the cytoplasmic membrane where the bulk of 
the protein is exposed to the periplasm, enabling it to transfer electrons to a series of redox partners. We 
have expressed and purified a soluble derivative of CymA (CymA 01 ) that lacks the N-terminal membrane 
anchor. We show here, by direct measurements of electron transfer between the purified proteins, that 
CymA 1 efficiently reduces S. oneidensis fumarate reductase. This indicates that no further proteins are 
required for electron transfer between the quinone pool and fumarate if we assume direct reduction of 
CymA by quinols. By expressing CymA 01  in a mutant lacking CymA, we have shown that this soluble 
form of the protein can complement the defect in fumarate respiration. We also demonstrate that CymA 
is essential for growth with DMSO (dimethyl sulfoxide) and for reduction of nitrite, implicating CyniA 
in at least five different electron transfer pathways in Shewanella. 
The proteobacterium Shewanella oneidensis MR. I (for-
merly She wanella purrefaciens MR-I) has attracted consider-
able interest due to its potential applications in bioremediation 
and metal leaching (1, 2). S. oneidensis MR-I respires with 
an unusually wide range of electron acceptors such as 
fumarate, nitrate, nitrite, TMAO, I DMSO, sulfite, thiosulfate, 
and elemental sulfur (1, 3). Unusually, it is also capable of 
coupling the reduction of metal oxides to the oxidation of 
organic carbon (4). U(VI) and Tc(Vl) are reduced to 
insoluble forms, presenting the possibility of using Sh-
ewanella for bioremediation of these heavy metals. Fe(III) 
and Mn(IV) form insoluble oxides and oxyhydroxides; hence 
reduction of these substrates presents a particular problem 
of access to any electron transfer chain. Interestingly, 
anaerobically grown Shewanella produces several multiheme 
c-type cytochromes that are localized to the outer membrane 
(5), and these may direct electrons from the cytoplasm to 
insoluble metal oxides at the outer membrane (6). 
The genome sequence of S. oneidensis MR-I has allowed 
the identification of 39 reading frames encoding c-type 
cytochromes (www.tigr.org ) (7). Several of these are readily 
identified as homologues of well-characterized c-type cyto-
chromes from other species, such as cytochrome c 1 , a 
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(studentship to CS.) and the Biotechnology and Biological Sciences 
Research Council. 
* To whom correspondence should be addressed: e-mail, 
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'Abbreviations: CymA,,,, soluble form of membrane-associated 
CymA; MGD, molybdopterin guanine dinucleotide; TMAO, trimethy-
lamine N-oxide; DMSO. dimethyl sulfoxide; Fcc 3, flavocytochrome c3.  
pentaheme nitrite reductase (NrfA), an oxidase of the 
cytochrome ebb3  family, and CymA, a member of the NapC/ 
NirT family. 
CymA is a membrane-bound c-type cytochrome with a 
calculated molecular mass of 20.8 kDa (8). It contains four 
low-spin hemes each with bishistidine axial ligation (9). 
CymA possesses the common structural features of the NapC/ 
NirT family, which are an N-terminal transmembrane ct-heli-
cal anchor and a globular tetraheme periplasmic domain. 
Simon et al. have demonstrated in liposomal membrane 
experiments that NrfH, a member of the NapCfNirT family, 
mediates electron transfer between 2,3-dimethyl-1,4-naph-
thoquinol and NrfA, the periplasmic nitrite reductase from 
Wolinella succinogenes (10). Analysis of the genome se-
quence revealed that S. oneidensis MR-I possesses a reading 
frame similar to that of the NrfA nitrite reductase, but no 
NrfH homologue was found other than CymA. The cyrnA 
knockout experiments of Myers and Myers (8) provided 
evidence that CymA is essential in the reduction of nitrate, 
iron(HI), manganese(IV), and fumarate but not for the 
reduction of TMAO, indicating that CymA plays a key role 
in delivering electrons from the quinone pool to a number 
of terminal reductases. 
Many c-type cytochmmes are peculiar to Shewanella, such 
as the soluble, periplasmic fumarate reductase (11, 12). 
Fumarate reductase is the terminal enzyme in a pathway that 
leads to the two-electron reduction of fumarate to succinate. 
Fumarate respiration is widespread in bacteria, and systems 
for quinol-dependent fumarate reduction in Escherichia coli 
and W. succinogenes have been well characterized (13, 14). 
In these organisms the quinol:fumarate reductase (QFR) 
consists of three or four subunits: a catalytic subunit (FrdA), 
an electron-delivering protein with three iron—sulfur centers 
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Table 1: Bacterial Strains and Plasmids Used in This Work 
strain or plasmid description source 
S. oneidensis MR-I wild-type isolate from Lake Oneida (formerly S. putrefaciens) 3 MR-IA rifampicin-resistant mutant of MR-I lab stock SR-536 MR-IA derivative, menB::Tn5. riP, kan' 19 CMTn-1 transposon mutant of MR-IA unable to use Fe(1Il), nitrate, and 8 
fumarate as terminal electron acceptors riP, kan' 
CS2Ia MR1-A derivative hosting pRLSK4 this work CS2Ic CMTn-1 derivative hosting pRLSK4 (riP. kan', Sm') this work E. coil TG I supE hsdEt5 thi (Jac-proAB) P1 rraipro proAB lae1 1acZAA.f 15] lab stock E. coli SM 10 thi-1 thr Icu tonA lacY supE recA::RP4-2-Tc::Mu kan' lab stock pGEM-T 3 kb PCR cloning vector, amp' Promega pDAI2 pGEM-T harboring MR-1 evmA gene D. Atanasiu pKK223-3 
pSPEX- I 
expression vector, amp' 
pKK223-3 harboring S. frigidi,narina NCIMB400fccA gene 
Pharmacia 
lab stock pRLSK3 pGEM-T with fccA'-cymA construct this work pMMB503EH 9.9 kb expression vector. Sm' 20 pRLSK4 pMMB503EH harboringfecA'-cynzA construct this work 
(FrdB), and either one or two membrane-attached subunits 
that interact in some cases via a b-type heme with the 
qumnone pool (FrdCD). In Shewanella a different arrangement 
is found involving a soluble, periplasmic fumarate reductase, 
Fcc 3 . This enzyme has been well characterized in terms of 
the reaction mechanism including electron and proton 
delivery pathways to the active site. The crystal structure 
reveals that Fcc 3  consists of FAD-binding and catalytic 
domains, which are conserved in FrdA, and a cytochrome 
domain, which is similar in function to the Fe-S subunit of 
FrdB, though structurally unrelated. 
Electrons are transferred to the membrane-bound fumarate 
reductases directly from rnenaquinol in the cytoplasmic 
membrane. In Shewanella, the membrane-associated tetra-
heme c-type cytochrome, CymA, has been implicated in 
electron transfer between quinols and the periplasmic fuma-
rate reductase (15). This reaction may involve direct electron 
transfer from CymA to the soluble fumarate reductase or 
could be mediated by another, unidentified redox protein. 
The Shewanella fumarate reductase, flavocytochrome c3, has 
been extensively characterized, and the crystal structure and 
reaction mechanism have been determined in detail (11, 16-
18). Electrons enter fumarate reductase through a tetraheme 
c-type cytochrome domain and are transferred to the FAD 
at the active site for substrate reduction. In this paper we 
show direct electron transfer between CymA and fumarate 
reductase and demonstrate that CymA also mediates electron 
transfer in the pathways leading to reduction of nitrite and 
DMSO. 
EXPERIMENTAL PROCEDURES 
Bacterial Strains, Plasmids, Media, and Growth Condi-
tions. Bacterial strains and plasmids used and constructed 
in this work are listed in Table 1. E. coli was routinely grown 
on LB medium at 37 °C. S. oneidensis MR-I strains were 
cultivated on LB medium at 23 °C. For phenotypic studies 
S. oneidensis MR-I strains were grown on minimal medium 
(3) supplemented with 100mM sodium lactate (pH 7.4) and 
the following electron acceptors: fumarate (50 mM), DMSO 
(50 mM), and KNO2  (250 PM). Prior to inoculation the 
medium was deoxygenated by bubbling with N 2 gas for 30 
mm. Antibiotics were added to plates and liquid media at 
the following concentrations: 100 g mL ampicillin, 10 
ug mL rifampicin, 50 ug rnL. -1 streptomycin, and 50 ug 
mL kanamycin. No antibiotics were added to media for 
phenotypic studies. 
Construction of the Soluble Form of CymA (CymA 0i). 
Figure 1 summarizes all of the PCR steps involved in the 
generation of CymA, 01 . The vector pSPEX- I was used as a 
template in a first PCR performed with the mutagenic primers 
1 and 2 (Table 2). A single band of the expected size of 
0.68 kb was purified from an ultrapure agarose gel. PCR 2 
was performed using pDA12 as a template and primers 3 
and 4. PCR 2 produced a single expected band of 0.48 kb 
and was further purified as PCR product I. In a third PCR 
the two overlapping fragments were fused together using 
primers 1 and 4. The amplified product of 1.16 kb was 
subsequently cloned into pGEM-T to form pRLSK3. The 
EcoRl and BamHl restriction sites were used to excise the 
fccA'-'cv,nA coding sequence and transfer it into the broad 
host-range expression vector pMMB503EH (20) to form 
pRLSK4. This vector contains the tac promoter and the lacI4 
gene, allowing induction of recombinant protein expression 
by IPTG. This plasmid, pRLSK4, was then transferred by 
conjugation from the donor strain E. coli SMIO to S. 
oneidensis MR-IA (CS2Ia) and CMTn-1 (CS2Ic). The 
transconjugants were selected on LB plates containing 
rifampicin, streptomycin, and kanamycin in the case of 
CS2 Ic. 
Purification of CymA 0j and Flavocytochrome c3 from S. 
oneidensis MR-I. S. oneidensis MR-1 CS21a was grown 
microaerobically to an OD600 of ' -'-0.7, induced with 0.5 mM 
IPTG, and incubated for 18 h at 23 °C. Cells were harvested, 
and a periplasmic extraction, including an osmotic shock and 
EDTA treatment, was performed. The periplasmic extract 
was loaded directly onto a weak anion exchanger (DE52, 
Whatman), and a fraction containing CymA and Fcc 3 was 
eluted with 0.1 M NaCl in 50 mM Tris, pH 8.0. The DE52 
resin was equilibrated prior to loading with 50 mM Tris, 
pH 8.0. In the next step a Q-Sepharose column (Pharmacia 
Biotech), equilibrated with 10 mM Tris, pH 7.5, was used 
to separate CymA and Fcc 3  using a salt gradient from 0 to 
1.0 M NaCl in 10 m Tris, pH 7.5, at a flow rate of  mlJ 
min. CymA 1  eluted over a range of salt concentrations 
whereas Fcc 3  eluted at 200 mM NaCl. Size exclusion 
chromatography with Superdex 75 and 200 columns (Phar-
macia Biotech) was used as a final step to purify CymA 1 
and Fcc3  at a flow rate of 2 mlimin. Both columns were 
equilibrated with 1.5 column volumes of running buffer and 
10 mM Iris, pH 8.0. Pure protein was obtained with a yield 
of approximately 0.5 mgfL of culture. 
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PCR I (pSPEX-1 template) 
EcoRl 	 fccA gene 
I MXKMNLAVCIATLMGTAGLMGTAVAADN I 
2 
AVAADNTLHATST 
PCR 2 (pDA 12 template) 
AVAADNTLHATST 
cymA gene 
YFATQQTLHAT .......... ...... ........ ........ .............. PYPK) 
primer 4 
PYPKG(stop) Bamli! 
PCR 3 (fusion) 
pctmcr I 	EcoRl 	 PCRI product 	 3 
I MKKMNLAVCIAUMGTAGLMGTAVAADNTLHATST I 
AVAAD'TI.HATST 	PYPKG(,top) Ran,Ft PCR2 product 
4 
pnmer 4 
FIGURE 1: Construction of CymA,, 1 . DNA encoding the signal sequence from flavocytochrome c3 and approximately 500 bp upstream 
from this was amplified from pSPEX- 1 using primers I and 2. The sequence encoding all of CymA except the N-terminal anchor sequence 
was amplified from pDAI2 using primers 3 and 4. A second PCR using the products of the first two reactions as template was performed 
with primers I and 4 to generate an in-frame fusion of the Fcc 3 signal sequence with the amplified CymA sequence. The sequence encoding 
the fusion protein was subsequently transferred to the expression vector pMMB503EH using the EcoRL and BamHI sites located immediately 
before the start codon and after the stop codon, respectively. 
Table 2: Primer Sequences 





Kinetic Analysis of Electron Transfer from CyinA, i to 
Flavocytochrome C3 (Fcc3). The fumarate-dependent reoxi-
dation of reduced CymA 1 was monitored at 552 nm. All 
experiments were carried out in 5 mm path-length cuvettes 
with a Shimacizu UV-PC 1201 spectrophotometer contained 
in a Belle Technology glovebox (02 < 5 ppm) at 25 °C. 
The assay buffer contained 0.5 M NaCl and 50 mM Tris, 
pH 7.2. CymA 1 was added to give a range of concentrations 
(0-40 M protein), and fumarate was present at a concen-
tration of 5 mM. CymA 1 was reduced completely by 
addition of sodium dithionite, and the reaction was initiated 
by addition of the enzyme (Fcc 3) to a concentration of 1.76 
nM. 
Miscellaneous Procedures. Protein purification was rou-
tinely followed by SDS—PAGE according to Laemmli (21). 
Gels were stained for peroxidase activity using 3,3',5,5'-
tetramethylbenzidine to reveal the presence of c-type cyto-
chromes (22). N0 was quantified by means of the 
colorimetric Griess assays. The formation of a stable azo 
compound was monitored at 540 nm (World Precision 
Instruments). 
RESULTS 
Expression and Characterization of CymA 0j. Since Fcc3 
lacks a membrane-anchoring subunit and CymA, a membrane-
bound tetraheme c-type cytochrome, is essential for fumarate 
respiration in Shewanella, we recently proposed that Fcc3 
interacts directly with CymA (15). To test this, we have 
constructed a soluble form of CymA, named CymA1. A 
PCR approach (Figure 1) was used to replace the hydro-
phobic N-terminus of CymA with the signal sequence of the 
periplasmic Fcc 3 plus the first three amino acids of mature 
Fcc 3 (ADN) to ensure cleavage of the signal sequence. 
CyniA was purified, and the identity of the purified protein 
was confirmed by mass spectrometry and N-terminal se-
quencing. The mass determined by electrospray mass spec-
trometry was 19760 ±10 Da compared with the calculated 
mass of 19752 Da. The N-terminal sequencing showed that 
the signal sequence was indeed removed and the first five 
amino acids were ADNTL, as expected. Redox potentiometry 
of CymA, 1 by conventional methods (23) showed that the 
heme groups titrated at low potential, but potentials for 
individual hemes could not be resolved. Data obtained from 
repeated redox titrations, using dithionite and ferricyanide, 
respectively, as the reducing and oxidizing agents, could be 
fitted to two pairs of hemes having midpoint reduction 
potentials of —175 ± 5 and —261 ± 5 mV (15). Figure 2 
summarizes the reduction potentials of all the proposed redox 
centers involved in fumarate reduction in Shewanella. 
To determine whether electron transfer between CymA 
and Fcc3 is direct, we performed a series of assays monitoring 
the fumarate-dependent oxidation of reduced CymA 1 under 
anaerobic conditions. Figure 3 shows the CymA 1 concentra-
tion-dependent rate of turnover profile. Observed rate 
constants, k, were measured at different CymA 1 concen-
trations, and experiments repeated with different batches of 
protein showed similar curves. The initial linear increase of 
observed rate constants could be fitted to a second-order rate 
constant of 19 ± 1 uM s (dotted line). The observed 
rate constants peaked at a CymA concentration of 20 suM. 
Interestingly, observed rate constants dropped at CymA 1 
concentrations higher than 20 ,uM. The deviation did not fit 
to a Michaelis —Menten curve and could not be explained 
either by reversible dimenzation of the substrate CymA 01 
to form an inactive complex or by a second inhibitory binding 
site on Fcc3 . Similar profiles were found in low salt buffer 
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FIGURE 2: Thermodynamic profile of fumarate reduction in Shewanella. The reduction potentials of each of the redox centers implicated 
in fumarate reduction, i.e., in CymA and in Fcc3, are indicated (15, 24). All of these fall well below the potential of the fumaratelsuccinate 
couple. The nature and potential of the quinol reductant for CymA are unknown, but the reduction potentials for menaquinone (MK) and 
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FIGu1.a 3: Electron transfer from CyrnA,,1 to Fcc3. The oxidation 
of CymA,i was followed spectrophotometrically at constant Fcc3 
but varying CymA,01 concentrations. The observed electron transfer 
rate constant (k b,) is plotted against the concentration of CymA 1 
for each of two separate batches of protein (closed circles, batch 
1; open circles, batch 2). The reaction of Fcc3 with Shewanella 
cytochrome c3 was followed under the same conditions (triangles). 
(50 mM NaCl, 50 mM Tris, pH 7.2) and in the presence of 
a 10-fold higher Fcc3 concentration (data not shown). The 
reaction between CymA 1 and Fcc3 is specific since no 
turnover was observed with Shewanella cytochrome C, a 
small low-potential tetraheme periplasmic protein (25), 
despite the reaction being thermodynamically favorable. 
Complementation of Respiratory Defects by Soluble cynzA. 
Previous studies have shown that CymA is essential for 
fumarate respiration in Shewanella (8). Phenotypic studies 
were designed to determine whether CymA 1 could comple-
ment the CMTn- 1 strain, which lacks endogenous CymA, 
and restore the wild-type phenotype. Minimal medium was 
supplemented with lactate as an electron donor and fumarate 
as the electron acceptor. The data presented in Figure 4A 
verify that the cy,nA knockout strain, CMTn- 1 (8), is unable 
to grow anaerobically with fumarate whereas the wild-type 
MR-i strain grows rapidly. CMTn-1 harboring the CymA,, 1 
expression vector (strain CS21c) failed to grow under 
noninducing conditions, but in the presence of IPTG this 
strain not only grew but surprisingly grew faster and to a 
higher final density than the wild type. Similar results were  
obtained with ferric citrate as the terminal electron acceptor 
(data not shown). 
CymA is involved in respiration not only with fumarate 
but also with Fe(III) and nitrate (8). The protein is not 
required for TMAO respiration (8 and our data not shown), 
but we examined the possibility that it may be involved in 
respiration with DMSO and nitrite. We tested the ability of 
the CMTn-1 knockout strain to grow with DMSO as the sole 
electron acceptor (Figure 4B) and to utilize nitrite (Figure 
4C). In both cases the mutant is defective, but the defect is 
complemented by expression of CymA 1 . Growth on DMSO 
was indistinguishable from growth of wild-type MR-i 
whereas nitrite was consumed only about half as fast by the 
complemented mutant compared with MR-I. 
During our complementation studies we also tested a 
menaquinol-deficient derivative of MR- 1 (SR536). Saffarini 
et al. (19) isolated and characterized SR536 as having a 
transposon insertion in menB, a component of the menaquinol 
biosynthesis operon. SR536 behaved in all cases like the 
cymA knockout strain (Figure 4). 
DISCUSSION 
Although the route of electron transfer in membrane-bound 
fumarate reductases is well-defined, much is still to be 
elucidated in the case of the soluble flavocytochrome c3. It 
has been speculated that the membrane-bound c-type cyto-
chrome CymA functions as the physiological electron donor 
to the periplasmic fumarate reductase and therefore replaces 
FrdCD. In previous work with a cymA knockout strain, 
Myers et al. (8) showed the importance of CymA for 
respiration on nitrate, fumarate, and Fe(III). Our studies with 
the soluble form of CymA indicate that CymA 1 and 
flavocytochrome ci interact directly. An observed second-
order rate constant of 19 uM s' demonstrates the high 
efficiency of electron transfer between these partners in vitro. 
As expected from thermodynamic considerations, the 
reduction potentials of the hemes in CymA are significantly 
lower than that of the fumarate/succinate couple, with the 
heme and flavin prosthetic groups of Fcc 3 generally lying 
intermediate to these. It is therefore simple to envisage 
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FIGURE 4: Phenotypic analysis of the cvmA knockout strain and complementation with CymA 1 . Growth with fumarate (A) or DMSO (B) 
as sole electron acceptor was followed by measuring the optical density at 600 nm (OD). The ability to reduce nitrite in vivo was 
determined by measuring residual NO 2 -  in the growth medium (C). The following strains were used: MR-lA (0), CMTn-1 (0), CS21c 
(A, without induction; •, after induction with 0.5 mM LPTG), and SR536 (x). 
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FIGURE 5: Key position of CymA in anaerobic respiration. Electron flow is indicated by the arrows with CymA in the cytoplasmic membrane 
involved in transfer to Fe(Ill) at the outer membrane, using cytochrome C3 as a periptasmic electron shuttle (23), and in electron transfer 
to four periplasmic reductases. Direct electron transfer between quinols and CymA has not been demonstrated, but no evidence exists for 
a requirement for further redox proteins in this part of the pathway. 
via the fumarate reductase to fumarate. In contrast, the 
reduction of CymA by menaquinol is, in principle, an uphill 
reaction. It is possible that CymA is reduced by one of the 
lower potential menaquinone derivatives, e.g., methyl-
menaquinone. MMK-7, a methylated menaquinone deriva-
tive, has been purified from Shewanella membranes (27), 
and the methyl group in the aromatic ring of naphthoquino-
nes, such as menaquinone, has been shown to result in a 
lowering of the reduction potential (28). It has been 
postulated that in the W. succinogenes polysulfide reductase 
system a bound form of MMK-6 could have a reduction 
potential of —260 mV compared to —90 mV in the unbound 
state (29). 
Our phenotypic studies have shown that CymA 1 can 
complement the cymA knockout strain in vivo. This leads  
to interesting speculation on the role of the N-terminal 
anchor. It is possible that CymA 1 associates with the 
membrane despite the absence of the anchor sequence. 
Presumably it must do so at least transiently to allow electron 
transfer from the quinol, though we do not know how it 
interacts either with lipid or with a membrane protein. We 
have demonstrated that CymA interacts directly with the 
furnarate reductase. It has not been shown whether CymA 
is reduced directly by quinol, though this is quite likely. If 
so, then the pathway resulting in the reduction of fumarate 
consists only of the membrane-located quinol, membrane-
bound CymA, and the periplasmic flavocytochrome C3. 
CymA was previously shown to be required for respiration 
with fumarate, nitrate, and Fe(III) but not TMAO (8). Further 
examination of the cymA knockout strain has shown that 
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this protein is also an essential component in the electron 
transfer pathway to DMSO and nitrite. 
Shewaneila massilia has a well-characterized TMAO-
inducible operon (torECAD) which encodes the components 
needed for respiration with TMAO (30). A similar operon 
is found in the S. oneidensis genome. TorC belongs to the 
same family as CymA although it possesses a fifth heme 
group in an additional C-terminal domain. It has also been 
shown that menaquinol is required for respiration with 
DMSO in S. oneidensis but not with TMAO (19). It thus 
appears that DMSO respiration requires menaquinol (or a 
modified low-potential derivative) and CymA, whereas 
TMAO respiration requires ubiquinol and TorC. 
The E. coli DMSO reductase system consists of a 
heterotrimeric, membrane-bound enzyme comprising a MGD-
containing catalytic subunit (DmsA), an iron—sulfur protein 
(DmsB) responsible for electron transfer, and an integral 
membrane subunit with no apparent cofactors (DmsC) (31, 
32). The corresponding enzyme from Rhodobacrer capsu-
laws is a soluble, periplasrnic molybdoenzyme, encoded by 
the DorA gene that is closely related to DmsA from E. coil. 
Electrons are delivered to the enzyme by a pentaheme c-type 
cytochrome associated with the membrane (33). DorC is a 
member of the NapCfNirT family and shows high similarity 
to TorC from E. coil. Analysis of the S. oneidensis genome 
sequence revealed the presence of two DmsA and DmsB 
homologues, each encoded in a small operon, but intriguingly 
no homologues of DmsC were found (www.tigr.org ). DmsAl 
(SO 1429) and DmsA2 (S04358) show 46.7% and 39.2% 
identity to DmsA from E. coli K12-MG1655. DmsBl 
(SO 1429) and DmsB2 (S04357) are about 60% identical to 
DmsB from Yersinia pesris. We suggest that CymA delivers 
electrons directly to the DmsB subunit of DMSO reductase. 
If this is the case, we can view the DMSO reductase system 
in S. oneidensis as a hybrid consisting of features of the two 
well-characterized systems described above. Two more genes 
are found in these dms operons. Open reading frames 
S01427 and S04360 encode a homologue of MtrA, a 
decaheme c-type cytochrome associated with the outer 
membrane and implicated in metal reduction (34), whereas 
S01428 and S04359 appear to encode outer membrane 
proteins with no known cofactors. The possible role of the 
products of these reading frames in DMSO respiration is 
unclear. 
The S. oneidensis genome also encodes a homologue of 
NrfA, a pentaheme c-type cytochrome that catalyzes the six-
electron reduction of nitrite to ammonia. The crystal struc-
tures of this enzyme isolated from E. coli, W. succinogenes, 
and Suifurospirilium deievio.num have been determined (35-
37). Electrons are delivered to NrfA in W. succino genes and 
E. coil by the membrane-bound tetraheme c-type cytochrome 
NrfH (18, 38), a homologue of CymA. Shewanella possesses 
an open reading frame (S03980) with 79.3% similarity to 
NrfA from E. coil, but no NrfH homologue is found nearby 
that might be cotranscribed. Since our results implicate 
CymA in nitrite reduction in Shewanella, we propose that 
the role of NrfH is taken by CymA in transferring electrons 
from quinols to the periplasmic NrfA nitrite reductase. 
In this work we have demonstrated how a soluble form 
of CymA transfers electrons efficiently to the soluble fumar-
ate reductase of S. oneidensis. Furthermore, we have shown 
in phenotypic studies that CymA,,, 1 restores fumarate respira- 
tion in the cymA knockout strain and that CyrnA appears 
crucial in the pathways leading to the reduction of DMSO 
and nitrite. CymA is therefore a key player in the branched 
respiratory pathways of Shewanella, supplying electrons to 
at least five different terminal reductases (Figure 5). 
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